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SECTION 1

SUMMARY

This study of the advanced acoustic composite nacelle was sponscred by the
Langley Research Center of NASA and performed between June of 197k and February of
1975. The primary contractor was thé Lockheed-California Company who was supported
by subcontracts with Rolls-Royce Limited and Pratt & Whitney Aircraft. TWA and the

Woven Structures Division of HITCO also provided consultation and data.

This summary follows the arrahgement of the report, which, in turn, reflects
the general procedure of the study. The summary presents a brief statement of the
procedures used, the results obtained, and references to the pertinent sections of

the report.

1.1 OBJECTIVE — Section 2

The broad objective of the study is to define nacelle designs which achieve a
gignificant reductlion in community noise with a minimum penalty in airplane weight,
cost, and operating expense by the use of advanced conmposite materials integrated

into the nacelle primary structure and sound suppressicn elements.

1.2 APPROACH - Section 3

The study considers both the current wide body transport and an Advanced
Technology Transport (ATT) intended for operational use in 1985. The study approach
used is to establish a baseline configuration for each airplane and to determine
the effects of various nacelle configufations on the nolse reduction achieved, cn
the direct operating cosﬁ, and on the return on investment. The L-=1011 equipped
with the Rolls-Royce RB.211-22B engine 1s the baseline for the wide body study.

The baseline ATT is a 200 passenger airplane designed for a range of 5556 km
(3000 n mi) with a payload of 200 passengers and uses three Pratt & Whitney STF 433

engines.

The existence of a noise floor, a noise level created by the airframe and by

jet noise, which cannot be treated by varigtions in the nacelle, 1s recognized.

1-1



Reducing engine generated noilse to values below this flcor is not productive, and
by using this floor as a boundary for the attenuation desired, unecconomicsl and

impractical configurations are avoided.

The acoustie composite nacelle studied for the wide body transport is treated
a5 a production change with no accompanying changes in major airplane configuration.
As the ATT is entirely in the future, the studies maintain a constant design point
and the enﬁire alrplane is reoptimized for each of the candidate nacelles. The
changes in wing, fuselage, and other components of the airplane are accounted for
and reflected in the Direct Operating Cost {DOC) and Return on Investment (ROI}

figures.

Several candidate concepts are first evaluated for their potential noise vs
cost performance. The most promising is then examined in the preliminary design

study.

1.3 CONCEP!' EVALUATION — Section L

The various concepts examined for achieving the suppression goals are illus-
trated in Figure 1 and compared with the baseline proporticns of the wide body
nacelle. These concepts present a progressive increase in neoise suppression

capability and in complexity.

The accustic and cost effects of the various wide body configurations are
summarized in Figure 2. It is evident that only those configurations that incor-
porate extensive treatments in the inlet, the fan duct, and in the tail pipe achieve
appreciable noise reductions. It is also evident that the penalty in direct opera-
ting cost due to the added length, weight and incréased fuel consumption of the
longer nacelles is markedly less for the mixed flow than for any cther type. The
mixed flow nozzle with the long inlet is therefore chosen for the more detailed
preliminary design task which is used as a basis for the cost and technology devel-

opment phasés of the study.

The ATT nacelles, shown in Figure 3, also require extensive treatment in all
three areas, inlet, fan duct, and tail pipe. As the STF U33 engine is designed
specifically for one mission and to meet FAR 36 without treatment, the core and fan
velocities are matched at takeoff for minimum noise and the fan pressure ratio at
cruise is selected for minimum fuel consumption. The resulting tall pipe pressures
in the fan and core Jjet are too different for efficient mixing, go'the mixed flow

nozzle is not considered for the ATT airplanes.



1.4 PRELIMINARY DESTGN - Section 5

The nacelle configuratiohlfdr the wide body airplane resulting from the
preliminary design study is shown in Figure 4. This nacelle differs from the
mixed flow conceptual design shown in Pigure 1 in that the inlet is shorter and
uses broadband liners, liners of high acoustic resistance with aerodynamically
smooth surfaces are used in the inlet and fan duct, and a broader applicaticon of
composite materials is incorporated. The core noise is treated by the iiner in the
aft end of the neozzle. This liner feabures a series of small herns rather than
the conventional heoneycomb core and achieves low frequency suppressicon with minimum
depth. This liner is shown in Figure 82 ana the acoustical concept is desecribed

in Appendix B.

A minimum fuel configuration is derived from the above nacelle by reducing
inlet length and removing some acoustic treatment. This nacelle reduces the base-

line fuel flow by about 1%, but the noise reducticn is cnly 1.5 4B.

1.5  ACOUSTTS ANATYSTS -~ Section &

The accustic composite nacelle on the wide bodied transport reduces the approach
noise Lo 9.4 EPNABR below the FAR 36 reguirement, a reduction of 5.3 EFNAB from the
bageline value. The arceca enclosed by the 90 EPNAB contour is reduced by 45%. The
source noise suppression, the EPNL values, and the footprints are shown in Fig-

ures S through 6, Table 1, Figures 7 and 8, and Table 2.

The ATT approach noise 1s reduced to 10.3 EPNAE below Lhe FAR 36 requirement ;

the ATT noise data is summarized in Tables 1 and 2 and Figures 9 through 12.

1.6 COMPOSITE STRUCTURE - Sections 8, 9, 10

Composite materials are used in the primary shell cf the nacelle, the suppres-
sion liners, the frames and beams supporting the thrust reverser and for many parts

ol the thrust reverser and mechanism. The exterior shell, which 1s designed by

durabilily considerations, consistsf composite skins using graphite and Kevlar
outer layers supported by syntactic r&sin.  The impact tests conducted on this type
of laminate and on varicus sandwich configurations sized for the outer shell of the
inlet show that this arrangement pr;vides impact reosistance equivalent to the

.0LO aluminum used in the baseline. The sandwich types, because of the very thin
skins and the podr support offered by the honeycomb core, suffered severe damage

from both blunt instruments and screw drivers dropped from working level heights.

ORIG]NAL PAj _
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Although the repalr frequency for the selected panel design 1s expected to be
comparable to that for metal, a need for reliable inspection and economical repair
techniques is indicated. The possibility of sub-surface delaminatiocn or fiber

damage makes a fail safe capability desirable in critical areas.

The use of composite materials, primarily graphite-epoxy, in the basgeline
nacelle reduces the weight by 15%. The cost study of Section 10 shows that this
application of composites has little effect on manufacturing cost as the higher
material costs are balanced by savings in assembly time. Composite material costs
of $4h/kg ($20/1b) in the 1980 time period are anticipated in this cost study. The
pacelle shell design in composites uses concepts that have been developed in prior
werk, but the application of compeosites to mechanical parts, to the thrust reverser
supports, and to parts exposed to high temperature requireé further development.
About half of the weight savings expected are available in current state-of-the-

composite components.

1. ECONCMIC EVALUATION - Section 11

The economic evaluation is made using ATA methods supplemented by airline data.
The effect of each complete configuration is determined in terms of direct operating
cost and return on investment; and, for use in tradeoff studies, the inerement of
DOC attributable to each of the major design parameters 1s also determined. These
sensitivities are shown in Figure 13 for 6.87¢/liter (26¢/gzal} fuel. The chart
shows the inecrement in DOC that would occur for a change in the specified parameter
with all other parameters held constant. The specific fuel consumption, weight,

and cost excursions showh represent the expected impact of advanced technology.
The change in direct coperating cost for esch configuratien is shown in Table 3.
The effect of fuel cost on the direct operating cost for mixed flow configuration
is shown in Figure 1h.
1.8 CONCLUSIONS
The conclusions drawn from this study are:

¢ The total community noise can be reduced to values close to the noise floors
created by airframe and Jet noise for both the wide body and the ATT.

® The wide body noise reduction is possible with a penalty of 0.33% in DOC,

e The effect of the accustic-composite nacelle on the ATT are showh on

Table L.

1-4



Broadband liners are effective in the inlet to reduce buzz-saw and other
types of low frequency noise. A particular broadband liner "Sehizophonium"
is effective in suppressing low frequency core noise using the depth avail-
able in nozzle shell.

Achieving the desired inlet liner performance requires face sheets of 4 pe
resistance and high linearity. Such facings, which are alsoc aercdynamically
smooth, are available in felted metals. Similar performance at less weight
and cost -is anticipated by the development of composite facings.

The construction of the acoustic composite nacelle with the above perfor-=
mance is possible with some extension and verification of the present state
of the art. HNeither fundamental research nor any break-through is required.

Specific technology development activitles nseded are:

Long-term demonstration in service of the ability of composite materials
to perform in the acoustiec environment of the nacelle and to be eccncmically
maintained.

Development of light, economical composite panels with high acoustic
resistance, linearity, and smooth surfaces for use in suppression panels.

Development of econcmical technigues for applying composite materials to
mechanical components and for processing high temperature resins.

Verification of the performance of broadband liners in the inlet
environment.

Refined analysis techniques for determining mixing chute losses, mixing
length and area ratio effects on mixing effectiveness, tradeoffs of mixing

length, performance, and welght.

The funding requirements for this development are shown in Figure 15.

1-5
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DISTANCE FROM RUNWAY CENTERLINE

LOCKHEED

S i NOISE SUPPRESSION SUMMARY
EPNL
WIDE BODY TOATT
WITH QUIET WITH QUIET
FARPART 36  CERTIFIED COMPQSITE FAR PART 36 COMPOSITE
Limit LEVELS NACELLE LIMIT NACELLE
TAKE OFF 105.6 96.2 93.3 103 94.2
APPROACH. 107.0 102.9 97.6 106 95,7
SIDELINE 107.0 5.0 9z2.1 106 92.8
TABLE 1
LOCKHEED
2 = W1 DE-BODY NOISE CONTOURS
APPROACH
FT. Km
15000
-4
10000
EFFECTIVE PERCEIVED NOISE LEVEL EPNAB
|, 100 o0 | 80 . |
5000 A N
avi A |
ety y i i._'._\
o Fd ! by
_____..e/
-5000 __i—-——
|2 :
-10000 — R -
| 4 2 4 6 g - 10 12 14 16 19 20 Km
15000 | ] i - | ] ] | i A
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L-1011-1/R8.211-228 WITH COMPOSITE NACELLE : - T T - e
SEA LEVEL, 25 DEG. C., 70% RELATIVE HUMIDITY

‘162385 Kgq 358000 LB} LANDING WEIGHT, 42 DEG. FLAPS. 1.3V STALL + 10 KNGTS

FIGURE 7
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DISTANCE FROM RUNWAY CENTERLINE

LOCKHEED

CALIFGRMIA COMEART

WiDE BODY NO{SE CONTOURS

20 Ky
L

TAKE-OFF
FT. Km ~
15000
4
10000
. EFFECTIVE PERCEIVED NOISE LEVEL EPNdB
3 110 100 90 BO
™ S
5000
——|
¢ ] o ",/>
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0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000 55000 60000 65000 FT
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CONTOUR PLOTS

L-1011-1/RB.211-22B WITH COMPOSITE NACELLE
SEA LEVEL, 26 DEG. C., 70% RELATIVE HUMIDITY
195044 Kg (430000 LB.) TAKEOFF GROSS WEIGHT, 10 DEG. FLAPS, V2+10 KNOT CLIMB SPEED

LOCKHEED

CALIFOAMIE COmMEANY

FIGURE 8

ENCLOSED AREAS OF NOISE CONTOURS
$Q Km (SQ. STATUTE MILE)

EPN dB
[ 80 90 100 110 120
L-1011-1/RB.211-22B BASELINE

TAKEOFF 51.18 {19.76) 8.52 {3.29) 1.11 (D.43} 0.18 (0.07) 0.00

(FROM

ROTATIOMN)

APPROACH 60.55 {23.38) 7.72 {2.98) 0.67 (0.26} 0.00* -

L-1011-1/RB.211-22B WITH COMPOSITE MACELLE
TAKEOFF 44.60 (17.22) 5.62 {2.17) 0.41 (0.16} 0.02 {0.07) 0.00
APPROACH 28.75 {11.10) 3.34 (1.29) 0.13 (0.05) - -
ADVANCED TECHNCLOGY TRANSPORT
TAKEOFF 47.71 (18.42) 6.47 {2.48) 0.62 {0.24) 0.02 (0.07) 0.00
APPROACH 26.16 (10.10) 2.05 (0.79) 0.05 {0.02) - -
TABLE 2
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DISTANCE FROM RUNWAY CENTERLINE

DISTANCE FROM RUNWAY CENTERLINE

LOGCHH

CaLiFOANra COMEANY

ATT NOISE CONTOURS
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LOCKHEED

:::::::::::::::::

WIDE BODY

ECONOMIC EFFECT

RANGE 5556 km {3000 NM) — FUEL @& 6.9 c/LITER (26 ¢/GAL)
BASELINE EPNL FAR 36—4dB )

CHANGE FROM METAL BASELINE

CONFIGURATION

MATER AL

EPNL A dB

SFC %

kg —
NACELLE WEIGHT/AIRPLANE LB

FUEL FLOW %

$/km

DIRECT OPERATING COST $/INM____

DIRECT OPERATING COST %
RETURN ON ENVESTMENT A %

LOCKHEED

-----------------

w

BASELINE

COMP
0
(]

-538
-1187

-0.35

-0. 0050
-0.0093

-0.244
0.0390

TABLE 3

RANGE 5556 KM
3000 N
FUEL 6.7 C/LITER

MINIMUM
- FUEL

COMP
-2
-1.2

395
871

-0.94

-0. 00032
+0. 0006

+0.016
-0.0025

MIX MIX
FLOW FLOW
COMP METAL
-6 6

-0.70 0,70
694 1422

1530 3135

0.5 +0.23

0.0068 | 0.0136
0.0127 0.0253
0.333 0.663
0.05% | -0.1061
SFC
WEIGHT
FUEL & MAINT.

+COST

—— MAINTENANCE
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FUEL ONLY
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—@F— DIRECT OPERATING COST - WIDE-BODY

Apoc

5666 km (3000 NM) RANGE

| MIX FLOW
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-
6L
5 MIX FLOW
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4k FAR 36-104B
3
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bk FUEL PRICE
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FIGURE 14
LocKnEED
@;‘ EFFECT ON COST & RETURN ON INVESTMENT - ATY
RANGE 5556 km {3000 NM) ® FUEL @ 6.9 ¢/LITER {26 c/GAL)
CHANGE FROM
BASELINE
SPECIFIC FUEL CONSUMPTION 1.7%
NACELLE WEIGHT PER AIRPLANE______ 708 kg (1561 LB)
AIRP LANE GROSS WEIGHT 3010 kg (6635°LB)
DIRECT OPERATING COST 033 $/km (062 $/NM)
DIRECT OPERATING COST 2.0%
RETURN ON INVESTMENT ( A %) -0.38%
TABLE 4
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SECTION 2

INTRODUCTICN

Previous studies of the advanced technology transport (ATT) and of composite
structures have indicated that appreciable improvements in community noise can be
attained at the expense of increased operating ccst and structural complexity.
Likewise, previous studies of composite structures have indicated that considerable
weight might be saved by use of these materials. The broad objective of this study
is to apply the advanced materials to a nacelle design to achieve significant noise
reductions for the minimum penalty in airplane weight, cost, and operating expense,
The study was sponsored by the Langley Research Ceﬁter at NASA and conducted by the
Lockheed-California Company as prime contractor. As the study embraced both the
wide-body aircrafi and the advanced technology transport the Lockheed-California
Company was assisted by sub-contractors expert in the engines applicable to each
type. Rolls-Royce Ltd. supplied the support for the wide-body transport engines
and Pratt Whitney Aireraft for the engines used for the advanced technology
transport phase of the study. TWA, under an existing consulting contract with the
Lockheed-California Company, supplied advice as to the operational aspects of the
study. The study was cconducted lrom June of 1974 to February of 19275. The Woven
Structures'Division of HITCO assisted with consultation and supplied a samplie panel

of high accustic resistance for test.

2,1 OBJECTIVES

The cbjective of the study is to determine what improvements in community
noise can be achieved by the application of compesite materials in the nacelle,
recognizing the econcmic realities and the necessity for minimizing fuel consumpticn.
These reductions in community noise are therefore to be cbtained with a minimal
penalty in direct operating cost and fuel consumption. The primary thrust to
aéhié?e thése énds is toremploy the advﬁncéd éémposite matérials for both.the

sound suppression and primary structural members. As the technology for using



these materials is not fully developed, the final output of the study consists of
a pregram plan for filling the existing gaps in the technology regquired as well as
a projection of the accustic and economic gains that might be realized by using

these materials,

2.2 STUDY PLAN AND PRESENTATION

The study proceeded from general concepts through a preliminary design phase
and finally to the identification of specific developmental problems and of a
program to solve these problems. The report follows the general plan of the study.
In Section 3 the technical approach is presented in which the use of the baseline
cecneept for developing cost and performance comparisons and the baselines used for
both the wide-body and the ATT phases of the study are defined. The specific
ground rules used in evaluating both airplanes are presented, and the concept of
a noise floor as a limit on the acoustic treatment to be used is developed. 1In
Section 4, the various basic concepts for each airplane are described. The deazign
features necessary to achieve the desired reducticns in noise are developed and the
impact of these on cperating cost and return on investment for each concept are
shown. A concept is selected for detailed examination for each airplane. 1In
Section 5, Preliminary Design, the selected concept is described in detail. Using
this design as a point of reference, the technical aspects in each of the major
disciplines concerned are presented in the following sections of the report.,
Section 6 discusses the source noises for each airplane and the theory underlying
the selectlon of the suppression concepts used. The propulsion performance aspects
are discussed in Section 7, and the structural considerations in Section 8. A sum-
mary of the weights involved is in Section 9, and the manufacturing and repair con-
siderations in Section 10, The study included a limited test program both on the
acoustic affects cf flow generated noize and on the durability aspects of wvarious
component panel designs. The economic evalustion of the designs considered, pre-
sented in Bection 11, includes the calculation of the direct'operating cost and
return on investment impact of the total installation and presents the tradeoff
data of weight vs manufecturing cost, maintenance and drag for use in developing
the rationale for a development program that would lead to a maximum payoff, Those
technology items requiring further development before they can be incorporated in
a8 production design are identified in Section 12 and the plan to carry out the

necessary development is shown in Section 13.



2.3 BSYMBOLS AND UNITS

The study results are presented in SI units and the corresponding Engiish units
are shown in parenthesis following the SI value. The study was conducted in the

conventional English units.

SYMBOLS
B . Blade count
C chord length, speed of scound
Cp Pressure coefficient
D,d Diameter
DocC Direct operating cost
db Decibels
EPNL Effective perceived noise level
f frequency
TGV Inlet guide vane
kPa ¥ilopascal
L,1 Length
M Mach number
M Tip Mach number
n.mi, Nautical mile
iy Lengitudinal load factor
Ny Lateral load factor
Itg, . Vertical lecad factor
¥ Newtons
0B Qctave band
oGV Outlet gulde vane
PNAB Perceived noise decibels -
PNL Perceived noise level
PNLT Tone corrected perceived noise level

2-3



ROI

‘8FC

ART

ASSET

ATA

ATT

FAR

NASTRAN

UARL

Resistance -
Return on investment

Specific fuel consumption

Vane count

Distance from leading edge
Rearctance

Angle of attack

Increment

Wave length

Density of air

Circular freguency

ABEREVIATTONS

Acoustic Research Tunnel

Advanced Systems Synthesis and Evalustion Technique
computer program

Air Transport Association

Advanced Technology Transport

Federal Air Regulations

NASBA SBtructural Analysis computer ﬁrogram

United Aircraft Research Labaratories



SECTION 3

TECHNICAL APPROACH

3.1 BASELINE DEFINTTION

The effect of the various concepts considered is evaluated by comparing the
performance and cost impact on an airplane using the specific concept relative to
a baseline airplane of known characteristics. The baseline used as a reference for
the wide-body concepts is the Lockheed I-1011 powered by the Rolls-Royce RB.211-22B
engine. The major dimensions of this aircraft are shown 1ln Figure 16 and the
pertinent data in Table 5. An inboard profile of the baseline nacelle used on
the L—-101l1 is shown in Figure 17. The salient features of this design are the
short inlet and the three—gquarter length cowl. This baseline utilizes the ”150
aftbody". This aftbody is a recent improvement over the criginal design in which
the thrust spoiler used for the hot stresm has been removed and the aftbody shape
réfined, resulting in an dppreciable increase in performance. Reverse thrust 1s
provided by & get of cascades just aft cf the fan case which are uncovered by a
translating cowl in the reverse thrust mode. Engine accessories are external from
the core engine and housed in the fan cowl. The access to the equipment is gained
by two large cowl doors which extend from the fan to the thrusi reverser and
uncover the entire equipment section from top to bottom. The inlet, fan duct and
tzil cone are treated for noise suppression using honeycemb panels with perforated
face sheets, These suppression features, combined with the inherent low noise
source provided by the high bypass ratio fan, an inlet without guide vanes, and
wide spacing of the outlet guide vanes, give a baseline nacelle which fepresents
the best of the current state of the art in community noise performance. The
efficient inlet cowl and highly developed afthody likewise result in aercodynanmic

performance representative of the best current practice.-

-~ The ATT configuration is shown in-Figure 18, and .the baseline.nacelle used for
the ATT stuides is shown in Figure 19. This nacelle incorporates the features

found desirable in the L-1011 nacelle modified as required for the geometry of the
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LOCKHEED

GALIFOGANIA COMPANY

WIDE-BODY BASELINE

Wing
Span
Area
Sweapback - 25% Chord Line
Aspect Ratio

Empennage
Horizontal Tail -

Vertical Tail -

Fuselage
Length
Diameter

Operating Weight Empty

Cruise Mach No.

Range for Study
Payload
Passengers
Takeoff gross wt

Span

Area
Sweepback
Span

Area

Height - overall

155 feet - 4 inches
3456 square feet
35°
6.95

71 feet - 7 inches
1282 square feet
350
29 feet - B inches
550 squars feet
55 feet - 4 inches

178 feet - 4 inches
19 feet - 7 inches

240,700 b
.85
3,000 nm
65,000 b
273
430,000 th

FIGURE 16

47.35 meters
321.1 suare meters

21,82 meters
119.1 square meters

9.04 meters
51.1 square meters

- 16.87 meters

54.3 meters
6.0 meters
109,182 kg
5,556 km 1,000 nm
29,484 kg 84,300 Ib
273

195,048 kg 385,000

1,852 kg
38,238 kg

174,636 kg
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LOCHKHEED

CALIFORNIA COMPANY

ENGINE CHARACTERISTICS

RB.Z11

STF 433

THRUST SL STATIC kg (Ib}

BYPASS RATIO

FAN DIA. m (in}

FAN BLADE NO.

TG 1/STG
FAN OGV NO. }(S G 2)

FAN JET VELOCITY TAKEOFF M/S F.P.S.

FAN JET VELOCITY APPROACH

CORE JET VELOCITY TAKEOFF

CORE JET VELOCITY APPROACH

FAN RPM TAKEOQFF

FAN RPM APPROACH

ENGINE WEIGHT kg {Ib)

TABLE 5

19050 (42,000)

4.6

2.17 (85.5)

| 33/0

76/0

285 (936)
196 (642)

419 (1375)
233 (766)

3695
2684

3771 (8314)

13,900 (30,700)

6.7

1.82 (71.6)
32/40
58/70

328 (1075)
215 (705)

389 (1275)
189 (619}

3604
2516

2359 (5200)
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LOCKHEED

CALIFORNIA COMPANY

BASELINE NACELLE L-1011

m (in}

5.38 (212}

2.7

1.98
(78)

(1.1 :

— |
p—1.30 (51)———»—!

4.44 (175)

FIGURE 17




LOCKHEED

CALIFORMNIA COMPANY

ATT MODEL

CHARACTERISTICS WING HORIZ VERT
AREA m2i#21 | 209(2250) | 48.8 (525) 46.4 (500)

ASPECT RATIO 7.6 372 0.8

SPAN m (ft] [ 39.8 {131} [ 135 {44.2) 6.10 (20 ’ .
ROOT CHORD m (in.} 7.52 (295) |5.46 (215) 7.62 (300)

TIP CHORD m {in.} | 2.01 (1185}] 1.78 (70) 6.10 (240)

TAPER RATIO 0.4 0.33 0.8

MAC _ m (in) | 5.59 (220} |3.94 (155) 6.88 (271) : — —
SWEEP @ 25%C {DEG) | 365 32 10

T/C i (%) 1 10 10

ENGINE - PRW STF 433

PAYLOAD Kg (Ib) 18144 {40000}

OPERATING WT. EMPTY Kg (ib) 69425 (153054)
TAKEQOFF GROSS WT Kg (Ib) 126518 (278920)
RANGE Km {nm) 5556 {3000}

CRUISE =M = 9

- 50.47 m (165.6 FT) -

FIGURE 18
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BASELINE NACELLE ATT

m (in}

5.98 {235.5)

e 1.6 (64.5) ———tom

1.62 (63.9) -

hY

-

2.34 (92,1} DIA

]
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T

1.62 (63.9)
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FIGURE 19




2-stage STF 433 engine. As the STF 433 engine approximates the FAR 36 noise reguire-
ments without treatment, The nacelle ihcorporates no additicnal treatment. This
baseline therefore represents a concept that Jjust meets the FAR 36 noise require-

ments but mekes no concession in the nacelle design to further ncise suppression.

3.2 WIDE-BODY GROUND RULES

A'dominant Factor in selecting the design approach for the wide-body nacelles
is the rule that the concept is to be suitable for serislization on production air-
planes. A corollary of this rule is that the installation of the acoustic compesite
nacelle would not be accompanied by other major changes in the airframe; that is,
there would be no changes in span or wing area.  As the major dimensions of the
airplane are not to be changed, there is no "growth factor" involved in evaluasting

- the impact of changes in nacelle weight. The impact cn cost is therefore calculated
by determining the increments accruing to carry the extra weight and accounting for
the changes in drag and engine performance for the acoustic composite nacelle. A
second consequence of the ground rule that the new nacelle is to be serialized into
producticn is that changes to the engine or to the system involved in the nacelle
are held to a winimw. For instance, nacelle gebmetry is chosen to use the thrust
reverser mechanism with no changes in geometry. The design, however, i1s considered
to be s production change and no provisions for retrofit in the existing fleet are

considered,

3.3 ATT GROUND RULES

Unlike the wide-body study, the advanced technology transport is considered to
be a completely new design that incorporates from inception the accustic composite
nacelle; therefore, the engine airframe and systems are matched to the specifled
design point and changes in weight or propuisive efficlency are reflected by
corresponding changes in the entire airframe. The results of the ATT study, there-
fore, reflect the effect of the growth factor. Likewise, the ATT has no existing
hardware to be saved, so changes in systems and engine were considered to be pos-
sible if the result would provide even slight improvements in the nacelle engine

combination.

3.7 "NOISE FLCOR CONCEPT -

Two of the major sources of ncise are the airframe itself and the noise of the

jet behind the aireraft. Neither of these sources can be attacked by treating the

ORIGINAL PAGE IS | _
AR POOR QUALITY



nacelle, while both may be attacked by major changes in the airfrane and engine,
For instance, increasing the aspect ratic reduces the induced drag, which is dir-
ectly related to airframe noise, and the use of high by-pass ratioc engines with
resulting lower jet velocities is a primary contribution of the current wide-
bodies to neoise reduction. Design changes of this nature are noct part of this
study which‘is confined to the nacelle; these two noise sources, therefore, con-
stitute & "floor", that is a noise level which cannot be reduced by changes in the
components studied in this report., By recognizing this floor and designing nacelle
noise suppression systems to only reduce the noise level of the nacelle to that
generated by the airframe and engine, it is possibie to avold unnecessarily heavy
or expensive installaticons. Qur noise reduction goal is therefore to reduce the
treatable noise sources to the level of the noise Tloor giving a total combined
noise of approximately 3 db over the noise flcoor. The determination of the flcor
for each airplane and the calculation of the approximate attenuation levels for

each source is discussed in Section 6.



SECTION 4

CONCEPT SELECTION

L.1 WIDE-BODY CANDIDATE CONFIGURATIONS

A wide spectrum of nacelle configuraticns is considered for the wide-body case.
The simplest approach consists of adding additicnal lining in the few places where
it is possible in the baseline and of changing the existing lining to advanced liners
with a broadband capability. As a next step, the use of advanced liners with
lengthened inlets and lengthened fan ducts is considered and then the application of
advanced liners td rings and splitters. The final step in complexity and effégtive—
ness is the use of near sonic inlets, that is, inlets designed with flows apprbaching
the speed of sound which effectively suppress the ferward transmission of noise..
“The use of such inlets and inlet velocities in the takeoff and approach ccnditions
" can result in very poor cruise performance unless a variable area inlet is used.
~Ag the areas required in the takeoff condition when flows are relatively high is
not greatly different from that required for the cruise, the mechanical problems
are not too great. However, ito provide near sonie velocities in the approach condi-
ticn, area changes of the order of L40% are required and the mechanical problems
become quiﬁe severe. Ameliorating these problems hy the use of variable fan nozzles
to change the mass Tlow as well as the inlet area 1s possible, but in this study
were found unnecessary to achisve the goals desired. Many variants of the above
parameters are possible and those which were develaped to the point of performance

and accustic evaluation are discussed in the following paragraphs.

k.1.1 TLong Inlet - Long Duct Configuration

The simplest configuration evaluated is shown in Figure 20, Config (1). The
inlet is lengthened to accommodate the required liner length and becomes about twice
the length of the baseline inlet. The fan duct likewise is extended to about twice
the length of the baseline duct. A slight extension iz made to the tail pipe to
accomodate additional advanced lining treatment. These changes to the inlet and
duet effectivity suppress the fan noise. However, this configuration suffers

from excessive tall pipe noise.

h=1
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4.1.2 Long Inlet - Long Duct Radial Splitter Tail Pipe

Figure 21, Config (2) shows a configuration which incorporates the same inlet
and fan duct as that of Figure k-1 but has additional treatment in the tail pipe.
The tail pipe is lengthened and alsc incorporates 6 radial splitters. This combina-

tion is guite effective, but still does not attain the noise geals desired.

4.1.3 Long Tnlet - Long Duct-Ring Tail Pipe

© A further development of the previous concepts is shown in Figure 22, Config (3),
in which the radial splitters in the tail pipe have been replaced by an annular ring.

This configuration achieves the noise reduction goals desired.

%.1.4 Ring Inlet - Long Duct-Ring Tzil Fipe

The initial approach to the inlet had been to lengthen the inlet and avoid the
use of rings or splitters. Rings in the inlet are not only aerodynamicaily undesir-
able but introduce additicnal structural and deicing problems, and create an addi-
tional hazard to the rotating machinery. The long inlets, on the other hand, produce
somewhat increased loads on the fan case, pylon, and engine attachments so this
configuration is included to evaluate the trade off. Only a short (baseline length)
inlet is included as no advantage is seen in a long inlet plus splitters. The atten-
uation achieved is small, about one dB. This arrangement, Config (4) is shown in

Figure 23.

L.1.5 HNear Sonic Inlet

Previcusly published work, has shown that almost complete suppression of forward
noise can be obtained with low internal losses by use of a near sonic inlet utilizing
a translating centerbody. A nacelle using this concept, Config (5), is shown in
Figure 24, As complete suppression is not necessary to reduce the ncise below the
nolse floors for this airplane, the travel of the centerbody is selected to produce
.75 Mach number at approach, a travel about .41 m (16 inches) less than that for the
maximum suppressicn. Even so, this configuratioﬁ as shown in Figure 2L is consid-

erably longer, heavier, and more complex, than the previous configurations.

4.1.6 Loug Inlet-Mixed Flow Nozzle

The long inlets, long fan ducts, and the extensive treatment required in the
tail pipe of the configuration which achieves the desired noise reducticn all contri-

bute to additional drag on the nacelle and losses in the propulsion gystem.
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Observing that these components are nearly as large and as heavy as the components

of a mixed flow nozzle, and that the specific fuel consumption improvement attainable
by the use of mixed flow might offset the losses of the long duct, the'configuration
shown in Figure 25, Config (6) is considered. This configuration retains the long
inlet without splittefs of the previous configuraticns. The tail pipe treatment
consisting of an annular ring is repiaced with a nozzle to mix the fan and the core
flows. The fan duct is extended to cover the nozzle and to produce the required
mixing lengths and nozzle areas. This extended fan duct provides adequate opportunity

to treat the fan noise and the core noise emanating from the tail pipe.

4.1.7 Wide-body Configuration Comparison

The characteristics of each of the configurations considered are summarized in
Appendix A. The data for each configuration is used to calculate the increment in
direct operating cost (DOC) by the techniques in Section 11, and the erffective per-
ceived noise level below the FAR 36 requirement is calculated as described in Sec-
tion &. These results are plotted in Figure 26 for the configurations ccnsidered.
The increases in direct operating cost indicated for all of the configurations
reflect the combination of several factors. First, there is a reduction in cost
schieved by the reduction in weight by using composite materials. However, the
length of the inlet and of the fan duct have been essentially doubled, thereby pro-
ducing an increase in weight that cannot be countered by changing material, and the
additional itreatment in the tail pipe represents a weight increment of high tempera-
ture material that canncot be reduced by the advanced composites presently known.
Further, as shown in Section 11, the influence of aerodynamic drag and the degrada-
tion of engine performance are powerful effects compared to the weight changes. The
result is that the conly configurstion that does not show a marked increase in DOC
is the mixed flow exhaust configuration which takes advantage of the added hardware
to improve rather than degrade engine performance. The mixed flow configuretion is,
therefore, chosen as the example to be carried forward into the preliminary design

and on which the detailed technical analysis in the remainder of the report is based.

L.2 ATT CANDIDATE CONFIGURATIONS

As the basic noise suppression problems for the ATT are similar to those con-
sidered for the wide-body, the results of the wide-body configuration comparison
were used to proceed directly to the most promising types for the ATT evaluation.

The STF L33 engine was designed from the outset to meet the FAR 36 noise requirements

-8
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and the design cruise condition. As discussed in Sectlon T, re-matching the engine

to accept a mixed flow nozzle is not advantagecus.

h.2.1 Long Inlet - Long Duct - Long Tail Pipe Configuration

The configuration shown in Figure ETlis comparable to that shown in Figure Lol
for the widebody airplane in that the essential features are a long inlet, a long
fan duct, and extensive treatment in the tail pipe. In this .case, the fan duect
required so much treatment that it extended beycnd the end of the tail pipe. As
the tail pipe was lengthened to accommodate this inereased length in fan duct,
encugh area became available to produce the required suppression without the addi-

tion of splitters or rings.

4. 2.2 DNear Sonic Inlet

This configuration,Figure 28, simply replsces the long inlet of Figure 4-9 with

a near soniec inlet achieved by use of the translating centerbody.

L,3 ATT CONCEPT SELECTICHN

Both configurations shown for the ATT achieve the desired noise reduction.
The impact on the airplane characteristics for the two configurations is shown 1in
Appendix A. The direct operating cost impact of the changes in airplane character—
istics for the two nacelles are shown in Figure 29. A4s in the case of the wide-
bhodies, the increase in size overshadows the weight savings that might be gained
by the use of composites and the decrement in performance from the added wetted
area, both internal and external, overshadows the changes due to the welght. . These
costs include the growth factor as this airplane is sized to do exactly the design
mission, so the relative changes in DOC are greater than indicated for the wide-~body
and the changes due to the added losses of the near sonic inlet are correspondingly

magnified.
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SECTION 5

PRELIMINARY DESIGHN

5.1 GENERAL ARRANGEMENT

The mixed flow concept selected for the widebody concept evaluation-aé
dsveloped in the preliminary design phase of the study is shown in Figure 30.
The long inlet without rings or splitters is used as developed in the concept
- evaluation. However, a trade is possible between inlet length and the type
of liner used. B8Single degree of freedom liners would achieve the desired noise
reduction with a treated length of 1.52 m (€0 in). By the use of broadband liners,
which are somewhat heavier and more complex to manufacture, the treated length of the
inlet can be reduced to 1.22 m (48 in)}. The shorter inlet is lighter, imposes lower
loads on the pylen andﬁingaﬁtachment, and minimizres the potential high angle of
attack interference between inlet and wihg, therefore, the shorter nacelle with the
more sophisticated liners described in para. 6.4.1 iz chosen. Just aft of the inlet
the accessory section of the nacelie is retained essentially as found in the baseline.
The accessories are mounted on the engine fan case, and large cowl doors extending
from the pylon to the bottom centerline are used on each side of the nacelle for
ready access. Aft of the egquipment sectioh, the ccld stream thrust reverser is also
retained uging the same basic geometry and mechanical design as that of the baseline.
However, the thrust reverser structure is entirely redesigned and beefed up in com—
posites to account for the higher lcads inposed by the extended nozzle. An alternate
method for supporting the long nownzle weight by means of an added support from the
nozzle to the pylon was considered, but using composite materials to reduce the added
weight as much as possible and taking advantage of the high stiffrness of composites
to reinforce the forward ring and prevent loecal overlcading of the fan case was
found toc be a preferable arrangement. The translating cowl actuation is similar to
that of the baseline but the cowl itself i; g}ightlj lqnger tp apcomedate the gentler

lines of the extended nacelle. The thrust reverser structure (including the mounts
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for the blocker docr and franslating cowl actuation) and the nozzie from the thrust
reverser to the primary nozzle exit are built as an integral unit in composites.
Aft of the primary nozzle the fan duct is subjected to the hot primary gases in the
reverse thrust mode as the cocling fan air is blocked off. A service joint is
"provided at the end of the cool structure just ahead of the primary nozzle exit by
which the transition to the high temperature structure used for the remainder of
the nozzle is made. The position of this joint is chosen far enough ahead of the
lobes on the mixer so that, with the tail cone removed, a man can enter the duct
for maintenance work on the engine without other disassembly. Just aft of the
primary nczzle exit, the outer shell consists of the inner liner of stainless steel
and an outer, cooler, shell made of composites, but using polyimide resins to accom-
modate the high temperatures encountered in this section. An additional service
joint is provided just aft of the treated section of the nozzle so that the tail
 cone may be removed 1f necessary. The mixer nozzle consists of 9 flutes which
conduct the fan air radially inward and the primary jet outward into the mixing
chamber. This mixer is fully treated to suppress the turbine noise; and, to
account for the range of frequencies encountered, the treatment depth varies from
b4 om (1-3/4 in) at the forward end to 1.27 em (1/2 in) at the trailing edge.

A short fairing completes the mixer.

The inlet liner characteristics developed in Paragraph 6.4.2 require physical
characteristics which differ from the liners used in the baseline and concept evalua-
tion nacelles. The recommended liner is 6.35 cm (2.5 in) deep, requires facings
and internal members of high linearity, and requires acoustical resistance 1n the
face of b4pe. These characteristics are obtainable with a felted metal - honeycomb
arrangement, and experimental panels made by Woven Structures Div of HITCO also
have the desired resistance. Reslizing such acoustic resistances requires very
small interstices, and the surfaces of such sheets are aercdynamically smooth.
Eliminating fhe performance loss associated with the roughness of perforated sheet
makes this type of facingattractive for use in the fan duct as well as the inlet.
The long fan duct presents enough treatable area so that sophisticated liners are
not required so single degree of freedom liners of varying depth in the neighbor-
hood of 1 inch arerused. The acoustic treatment in the fan duct aft of the primary
- nozzle is-designed.tc suppress the low frequency core noise and ag such would
reguire rather great depths. The desired suppressions are achieved in the depth

aveilable by using Schizophonium 4.4k em (1-3/L in) deep for a length of .96 m (38 in}.
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The Schizophonium consists of a perforated face sheet backed by aseries of small horns.
The horns do not extend guite to the solid backing face and are open at the outer

end. The combination thereby effectively doubles the "acoustie" depth of the liner.

5.2 ACCESS PROVISIONS

In addition to the large cowl doors, numercus small doors are provided for in-
spection and servicing. These are shown in Figure 31. Access to the core engine
is provided through the thrust reverser with the translating cowl open and through

the tail pipe.

5.3 FIRE ZONES AND DESIGN TEMPERATURLS

Flgvated temperatures occur in the nacelle from a variety of sources. Hobt air
anti-icing of the cowl lip i1s used. The operating temperatures necessary to perform
the anti-lcing function as well as the higher local temperatures that might occur if
a hot alr duct shouid burst are accounted for. The cutside structure and most of the
inner fan duct are ccooled by fan air in normal coperation, the maximum temperature
condition. Aft of the primary exit the fan air is mixed with the primary =air in
normal aperation, but the hot stream may impinge on the tail cone. During reverse
thrust operation the fan air is diverted through the thrust reverser and nearly all
of the hot stream can impinge on the tail cone, The nacelle is divided into fire
zones as indicated in Figure 32, which also shows the operating temperatures in the

various parts of the nacelle.

5.4 WING-NACELLE INTERIERENCE

An analysis of the probable interference effects of three different nacelle
configurations is conducted using a compresgible potential flow generalized vortex

lattice method. The three different nacelle configurations are as fellows:

1. The present I1-1011 150 -afterbody nacelle (baseline or short nacelle);
2., The mid term, or acoustic nacelle; and

3. The mixed-flow nacelle.
‘A schematic comparison of the three nacelle arrangements is shown in Figure 33.

The surface pressure distributions on the above configurations are computed at

the cruise Mach number (M = 0.85) by a generalized vortex lattice method developed

5=k
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at the Lockheed-California Company. This method computes the pressure distribution
on complete aircraft configurations in potential subsonic and superscnic flow.
Thickness and 1ift effects, as well as the ccorrespending interference, are properly

accounted for by the solution of the correspending boundary conditions.

Represeﬁtative comparisons of the effects of the variocus configurations analyzed
are shown in Figures 34 and 35. BSince neither power effects nor transonic flow
condition can be presently computed by the above theoretical method, only a first
order qualitative evaluation of the interference effects can be made by examining
these pressure distributions. From such an examination the following can be.
concluded:

e The acoustic, or mid term, nacelle shows no signifiicant difference in the

pressure distribution interference when compared with the baseline
configuration.

e At cruise angle of attack, the mixed-flow nacelle does not appear
to be significantly different from the other two configurations.

e Therefore, the installation of a mixed-flow nacelle would probably regquire
some more extensive aerodynamic development work, but it shows no potential
interference problems that could not be solved by proper configuration
tailoring.

5.5 MINIMUM FUEL CONFIGURATIONS

The mixed flow composite nacelle configuration is designed to meet the noise
reduction goals with a minimum penalty in direct operating cost. The current inter-
est in saving fuel suggests the alternate approach of minimizing weight, drag, and
specific fuel consumption as the primery objective and accepting the noise level and
direct operating cost effects as fallouts. Reviewing the configuration of Figure 30
with this approach we observe that the mixed flow nozzle, the smooth liners in the
inlet and fan duct, and the use of composites all contribute to reduced fuel con-
sumption. Eowever, the extended inlet increases weight and drag, the broad band
liners in the inlet increase weight, perforated face sheets of the mixer and nozzle
increase internal losses, and the Schizophonium in the nozzle adds weight. The mini-
mum fuel configuration is therefore derived by making the following modifications to
the configuration of Figure 302

e Using the baseline inlet 1.3 m (51 in.) long instead of the 1.8 m (71 in.)

inlet reguired for noise reduction. The inlet weight is reduced from 235 kg

(518 1b) to 143 kg (316 1b), a saving of 92 kg {202 1b). The reductions in
external wetted area and internal losses improve the BFC by C.3%.
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e Removing the acoustic trestment from the mixer and aft nozzie. This
treatment uses perforated steel face sheets and replacing these with
smooth hard walls improves the SFC by 0.2%. The mixer weight is not
affected, but replacing the Schizophonium in the nozzle with stiffened
sheets saves 39 kg (85 1b) per nacelle. A treated center bedy is
retained as some turbine ncise suppression is obtained with negligible
loss.

® Acoustic treatment in the inlet and fan duet 1 retained, but smocoth face
sheets are uzed throughout. This configuration obtains about 1.5 EPNGB
reduction below the bhaseline in approach.
This configuration shown in Figure 36, is 299 kg (659 1b)/airplane lighter than
the composite mixed flow and has 0.5% lower SFC than the mixed flow with perforated
fan duct and tail pipe treatment. Relstive to the baseline, the minimum fuel con-

figuration is 395 by (871 1b)/airplane heavier, and has 1.2% lower SFC.

5.6 ATT PRELIMINARY DESIGN NACELLE

The mcoustic analysis of the ATT nacelle described in Paragraph 6.4.2 resulted
in the following changes to the configuration shown in Figure 27:
¢ Inlet - The effective treated length of the inlet is reduced from 1.78 m
{70 in.) to 1.07 m (42 in.). The inlet length becomes 1.68 m (66 in.).

The treatment is similar to that recommended for the wide-body,
Permoblique 6.35 em {2.5 in.) deep.

e Tail pipe - The honcycomb liners on the centerbody and on 1.52 m {60 in.)
of the primary nozzle are changsd Lo Schizophonium 7.1 em (2.8 in.) deep.

The Tinal configuration is shown in [igure 37. The structure is similar to that
described for the wide-body nacelle. Although the initial coperatlional date for the
ATT is five years later than that expected for the wide-body ascoustic composite
nacelle, no radical development in composite technoleogy is foreseen in that period
that would lead to a marked weight reduction. For each component, the weight reduc-
tion that might be achieved by using composite materials is therefore expected to

be comparable to that found for the wide body nacelle.

The changes to the inlet and liners improfe the SFC by 0.4%, resulting in the
SFC for this configuration being 1.T7% higher than the baseline.
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SECTION 6

ACQUSTICE

6.1 INTRCDUCTION AND OBJECTIVES

" This section presents the noise reduction goals for the composite nacelles and
the rationale for the selection of these goals. The procedures employed in deter-
mining the amount of noise reduction reguired for the varicus noise sources and in
defining the acoustical characteristics of duet lining designs are alsc discussed.
The section concludes with a description of duct lining designs and predictions of

the amcunt of noise reduction which they will provide.

In past studies of a similar nature involving engine noise reduction, the prac-
tice has been to assume that future reductions in neise will increase nearly linearly
with the passage of time. This approach has led to the design of "quiet" propulsion
systems which have achieved the maximum noise reduction goals, but, unfortunately,
have been unsatisfactory asra result of the performance penélties incurred in attain-

ing these goals.

Tn the present study, the approach to chocsing target levels of noise reduction
differs from previous similar investigations. In its propeosal to undertake a pro-
gram devoted to the preliminary design of quiet composite nacelles foriwide body
and advanced technelogy sircraft, Lockheed stated that realistic noise reduction
objectives must be baged on the recognition of the existence of certain noise sources
which, at least within the foreseeable future, appear to be irreducible without
fundamental changes in design. These sources consist of alrframe and jet mixing
noise which in combination constitute a "noise flcor." Once the existence cof
such a noise floor is accepted, it becomes evident that a point of diminishing
returns is rapidly reached as the noise from treatable engine sources are further
reduced to levels below that of the noise floor.

In considerationibfrthe abofé rationéle, the speéific noize reduction objeétive

chcsen, for both wide-hody and ATT aircraft is as follows: To reduce the subjective

ncise produced by the combined treatablie engine noise sources to that of the noise

floor.,
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The acceptance of the "noise floor" concept implies acceptance of the assump-
tion that the technology for reducing jet and airframe noise will proceed at a sig-
nificantly slower rate than the reduction of treatable sources. The consideration
of jet noise as an irreducible source is of course valid only when it is assumed
that the final jet effiux velocity is fixed. Such a proven method for reducing Jet
noise as inpreasing the by-pass ratio of an engine is considered to be a means for
reducing the strength of the jet noise source rather than for inhibiting noise radia-
tion from a given noise source. The RB.211-22 engine incorporating a mixed exhaust
was chosen in this study for its excellent propulsion performance. This configura-
tion is not expected to change the jet mixing noise level. The effect of mixing on
Jet noise is based on mixer tests performed by Rolls Royce on a model rig, and con
nodel tests at the National Gas Turbine Establishment using their co-axisl Jet facility
(which involved no mixing). Model data was then applied to predicted full-scale,
hot stream levels on the basis of the 1973 proposed SAE Jet noise prediciion method.
The predicted levels for the mixed configuraticon were lower than with no mixing at
Jarge angles to the intake. At angles less than approximately 1150 an increase due
to mixing is indicated. For the angle of maximum noise directlvity associated with
the wide-body composite nacelle, the predicted change in noise level due to mixing

is negligible.

Although jet noise tends to control the noise floor during takeoff, airframe
ncise is predicted to be virtually entirely responsible for the noise floor during
approach. The potential significance'df airframe noise was first discovered at
Lockheed in 1969 during a flyéver test program that was conducted for the purpose of
estimating noise that would be produced by surveillance aircraft designed to totally
suppress*engine noise. The flight tests involved taking flyover noise measurements
cn a number of small propeller-driven aircraft flying at low altitude with the
engines not operating. On the basis of these data, an empirical prediction method
was developed which allowed airframe noise to be estimated on the basis of weight,
velocity, wing area and aspect ratio {Reference 12). More recently, Revell,et al,
have developed a theoretical basis for providing airframe noise predictions which are
in gocd agreement not only with data cbtained from small aircraft but also with
recent flycover tests conducted on the {~5A. This method, which is still in the pro-
cess of evaluation, iz based on the theory that airframe noise is produced primarily
by pressure fluctuations thet are generated at the trailing edges of aircraft major
structural components. Of these, the wing is the major contributor. The airframe

noise spectra estimated for this study are based on the above method,

6-2



6.2 ATRCRAFPT NOISH SOURCES

For the purposes of this study, jet and airframe noise are considered to be
nontreatable noise sources. Conversely, noises generated by the fan and within the
core engine are considered to be treatable, since acoustically sbsorbent liners can

be successfully employed for reducing the noise radiated inte the far field.

It is convenient to consider the treatable noise sources as consisting of the

fallowing:
e Fan inlet
e TFan discharge duct
e Turbine
® Low frequency core engine

Each of the above sources is composed of a multiplicity of noise generating mech-
anisms, many of which are still not well understood. For instance, contributcws

to fan and turbine noise include blade vortex noise, blade passage pure tones (includ-
ing harmonics), and rotor blade/stationary vane interaction tones. Low frequency

core engine noise has been attributed to a number of basie sources including the

combustion process and interaction between combustion prcducts and the turbine.

A necessary first step in this study was the determination of the strength of
the four treatable noise sources and of the jet and airframe noise. It was required
not only to describe the noise in terms of cne-third octave band (1/3 0.B.) spectra,
but also on the basis of subjective noise levels. The necessity of obtaining
measures and/or predictions of subjective noise follows directly from the noise re-
duction objective chosen for this study, i.e., "to reduce *the ‘subjective noise pro-
duced by the combined treatable engine noise scurces to that of the noise floor."
Although there are a number of methods in existence for specifying‘subjective noise
and the aircraft operating conditicons on which it is based, this study has employed
the noise level terminology associated with FAR Part 36 noise certification

procedures.

Tn this regard, although effective perceived noise level (EPNL) is the subjec-
_tive noise measure specified in FAR Part 36 gropgdu;gsj_yhe more simple perceived

noise level (PNL) and tone corrected perceived noise level (PNLT) have beenrqonsidu
ered to be adequate in most instances for the purposes of this study. This choice

was motivated on the basis of time and ecconomy. The EPNL scale reflects duration in
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addition to PNLT. The chosen noise reduction goal involves the relation between
subjective levels associated with the noise floor and treatable sources. Since

i+ is reascnable tc assume that duration differences associated with candidate
acoustical treatments will not be significant and because accurate predictions of
these differences would be virtually impossible to obtain, the PNLT scale is con-
sidered to be an appropriate choice. Since the acoustical treatment is designed to
eliminate discrete frequency noise, PNL is generally adequate. A further useful
simplification is provided by expressing noise sources and floors in terms of s

free field envirocnment.

The EPNL scale is used when the noise level of the total treated airplane is
specified. This has been done in paragraph 6.5 where the noise levels of aircraft
incorporating various naceile designs are presented. Ground reflections are of

course considered in EPNL determinations.

6.2.1 Approach to Defining Noise Reduction Requirements

The following procedures were involved in determining the noise atienuation
spectra that would be required for each of the treatable noise sources; (i.e., the
noise radiating from the fan inlet and exhaust duct, turbine noise, and low frequency
engine core noise):

1. Unattenuated one-third octave band (1/3 0.B.) spectra were obtained for

both treatable and non-treatable ncise sources during take-off and approach
operation.

2. Perceived noise levels were determined for each of the treatable sources
and for the noise flocor.

3. ©Suppression reguirements were determined in terms of 1/3 0.B. noise attenua-
tion gpectra for each treatable source such that the total airecraft noise
exceeds the nolse Tloor by no more then 3 PNdB. It is noted that this is
consistent with the aforementioned noise reduction chjective.

The approach to determine the spectra of the jet noise, and unattenuated fan
inlet, fan duct, turbine, and core noise differed for the two engines involved in
this study. TIn the case of the RB.211-22 engine, noise data were available from both
flight and static tests. Unattenuated source spectra were derived as follows:

1. Noise measurements taken during L-1011 FAR-36 compliance tests were used

to provide total noise spectra for approach and takeoff operations. These

spectra were converted to represent a free-field condition by subtracting
out the estimated contribution of ground reflections.
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2. The principal noise source contributicn to the total spectra consisted of
treated fan inlet and exhaust noise, treated turbine noise, unattenuated
engine core noise, jet mixing noise, and airframe noise. BSpectra for jet
mixing noise were determined on the basis of the SAE AIR 876 prediction
method and incorporated a full relative veloeity effect. Airframe nocise
spectra were obtained by the procedures described in Reference 1. Jet
and airframe noise were then subtracted from the total to provide composite
gpectra consisting of treated fan and turbine noise pilus core noise.

3. By employing static test data, where numerous donfigurations incorporating
a wide range of engine modifications have been tested it was possible to
estimate the 1/3 0.B. spectra for the remaining treated individual sources.
This eduction was carried out statically and the transformation of these
results to the in-flight case was performed using further data available
from in-flight diagnostic work. BSince it was desirable to establish an
unattenuated source baseline, 1/3 0.B. noise attenuation spectrum envelopes,
also derived from static engine tests, were added to the noise specira
derived for the treated fan inlet, fan exhsust, and turbine. The spectra
obtained for the approach condition are shown in Figure 38.

Estimates of 1/3 0.B. noise spectra for the STF 433 were derived by Pratt and
whitney by employing a noise prediction computer program that is based on a data
bank obtained from extensive static tests on a number of engine models. Perceived
noige levels were then derived from the spectra of the treatable scurces and the

noise floors.

6.2.2 WNoise Sources and Floors/Reduction Goals

Predictions of unattenuated 1/3 0.B. source spectra for a three engine airplane
powered by STF L33 engines are given in Figure 39. Source attenuation spectra
that would result in meeting the noise reduction goals for wide bodied and for ATT
airplanes are shown in Figure L0 and 41 respectively. Free field PNL's for
treated and unattenuated STF 133 and RB.211-22 sources {considering the total air-
plang) are given in Figures 42 through 45. The assocciated noise filoors for air-
planes equipped with STF 433 and BRB.211-22 engines are presented in Figure uf
and 47, respectively.

Although some will be interested in using Figures L2 through 45 for comparing
the unattenuated noise source PNL's derived for the two engines involved in this
program, it is noted that such comparisons fall outside the scope of this study.
Marthermore, it is emphasized that the PNL values presented herein for the RB.211-22
and STF L33 were obtained by very different procedures. TNL's for the RB.211-22 are

to a large extent based on actual flight measurements. Since the STF U433 has never
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been buillt it was necessary to employ a noise estimation program derived from statice
test stand measurements on other engines with two stage fans. However, these other
engines have inlet guide vanes, while the STF 433 does not. Because this difference
would be expected to affect the static to flight noise difference, the STF 433 noise
estimates have not been corrected for flight effects. Thus it is to be expected
that indicated differences in the subjective noise levels estimated for the two

engines may be strongly dependent upon the methods used in defiving them.

6.3 ANALYSIS OF ACOUSTICAL LINING REQUIREMENTS

Tn Phase I of this study it was required to consider a number of candidate
nacelle designs for the wide-bodied and ATT aircraft while Phagse II was devoted to
the preliminary design of the optimum concepts. These requirements resulted in the
implementation of analytical procedures for estimating the performance of acoustical

liners which differed for the two phases.

$.3.1 "Quick Look" Method

Yince a number of suppression concepts were to be scanned in Phase I, 1t was
necessary to utilize a method which would AIlow estimates of the reguired lining
areas to be determined quickly and at minimum cost. To satisfy this requirement, -
the Lockheed "guick look™ method, based on empirical and theoretical results, was
used. The method involves the trial selection and evaluation of a set of lining
segments for the suppression of a glven nolse source. For each iteration, program

inputs include the following:
¢ The spectrum of the unattenuated noise source
e Duct height
¢ Flow Mach numher

[ Tuned (center) frequency of liner segments selected for each design
iteration

e Shape of attenuation curves for liner segments
e Segment lengths

The program ocutput is the attenuation spectrum of the combined liner segments.
Tpncluded in the method is a correction for flow generated noise based on the premise
that such noise is produced at the nozzle lip as a result of fluctuating pressures

generated by the turbulent boundary layer. AL present some uncertainty exists as
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to the validity of the flow noise prediction method used. Therefore, a program
devoted to establishing the mechanism of flow noise generation and experimentally
determining its scund spectrum is in progress. The major application gf the Tlow
noise prediction method lies in the determination of the minimum flow passage areas.
These are so designed as to make flow velocities low enough to keep flow noise

well below the level of the attenuated source noise.

6.3.2 Convected Wave Equation

Although the aforementioned approach is well suited for its intended purpese,
a considerably more sophisticated method is required for determining the optimum
acoustical impedance and associated design configuration of sound absorbing liners.
Tt is also highly desirable to confirm analytieal predictidns with experimental.test
results. Accordingly, in Phase II of the study, lining designs were based on solu-
ticns to the convected wave equation which allows the decay of individual duct modes
tc be investigated as a function of the acoustical impedance of a 1iner. in the
cagse of the RB.211-22 engine, static and flight test results were used tc confirm
analytical predictions. A detalled discussion of this analytical approach 1s pro-

vided in Appendix B.

£.3.3 Analytical Problem Areas

The accuracy of the analytical predictions is, of course, dependent upon the
impact of factors not included in the mathematical model and the accuracy of the

"inputs" involved. Analytical problem areas include the following:
e The distribution of sound energy among the many normal modes
e Validity of method used for estimating flow generated nocise

e Accuracy of existing methods for estimating acoustical impedance medifica-
tion by grazing flow for nonlinear liners having unusually high resistance.

® Scund abscrption modification introduced by the presence of sheared Tlow.

The above items are discussed in detail in SectiOn 12 of this report and are of suf-
ficient importance to warrant an adequate assessment of their significance pricr to
undertaking a quiet nacelle development effort hased on the acoustical treatment
conoéﬁtértﬁéﬁnhaveVbéén-genéfétéd"bj7thié"s{u&y. Proposed " test programs designed

to provide the necessary information are also presented in Section 12,



6.4  ACOUSTICAL TREATMENT

This section is devoted to & discussion of the consideraticns involved in the
degign of acoustical liners. Attention is centered on the naceile configuraticns
which, at the completion of Phase II, were chosen to be superior on the basis of
cost and performance. Although the same basio design philosophy was followed for
wide-body énd ATT nacelle liners, the introducticon of the exhaust mixer in the
cagse of the wide-body nacelle led to substantial differences in the treatments of
the fan duct znd tailpipe. However, the fan inlet treatments chosen for the two

nacelles differ but little.

Prior to discussing the lining designs chosen for specific flow passages, it
is of interest to discuss some of the underlying assumptions and motivations which

led to their selection.

6.4.1 Tiner Desisn Philosophy

Fan Tnlet - Previcus studies directed to achieving a noise control chjective
such as FAR 36 minus 20 4B made the use of inlet splitters virtually mandatory.
Empirical design methods based on an analogy to a sguare duct reinforced this con-
clusion because of the high d/A*¥ ratioc of simple inlets. The only apparent alter-
nétive to splitters was an extremely long inlet duct. Neither is desirable. Split-
ters induce performance losses and structural problems, incresse the hazards of
foreign object ingestion, and actually increase the noise source strength by intro-
ducing upstream turbulence. Very long inlets create severe structural, aerodynamic

and welght problems.

Recognition of the fact that spinning modes in c¢ylindrical ducts attenuate very
differently from zero order circumferential modes changes the problem greatly. It
was first noticed that buzzZ-saw tones were attenuated more than might he expected
for such low frequencies, even by liners not specifically designed for them. Our
analysis revealed that the attenuation rate for spinning modes can attain very large
values if the lobe count is large or if they are near cutoff. {These results agree
very closely with those provided by Reference 6). On the basis of assuming that
the energy smong circumferential modes excited by broadband noise is equally dis-

tributed and that potentially hard-to-attenuate modes produced by interactions can

¥Ratio of duct diameter to wave length
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be discounted (for reasons given below), it is possible to show that the noise
reduction objectives can be met in an inlet of moderate length by the applicaticn

of wall treatment only.

In determining the amount of acoustical treatment required it was necessary to
consider the energy in low order, hard-to-attenuate modes excited by blade/vane
interactions. Both the RB.211-22 and STF U433 engines have the potential for excit-
ing modes having a circumferential lobe count of four -due to fan blade/0GV inter-
action tones. During Phagse T of this study there was socme concern that such modes
might prove very difficult to attenuste to the desired degree, particularly in the
inlet. For this reason Pratt & Whitney examined the feasibility of modifying S5TF 433
fan blade and guide vane numbers in order to increase the minimum number of circum-
ferential lobes in the potentially excited modes {(unpublished data). This study,
which demonsirated the feasibility of increasing the mininum number of lobes from
Y to 6, also indicated the possibility that ever though modes having a low lobe
count are more difficult to attenuate, they may contain less acoustical energy than

modes of higher order.

Subsequent information relating to the importance of such interaction tones
in the RB.211-22 strongly suggest that the initial concern was overiy pessimistic.
Firstly, the fan blades are in much c¢loser proximity to the engine section stators
than to the cutlet guide vanes. Thus, it would be expected that this interaction
will dominate. BSecondly, RB.211-22 inlet nceise directivity measurements taken at
fan speeds representative of approach operation display a peak in the seccnd
harmonic at an angle which corresponds to the zero order radial mode produced by
an interaction between the fan blades and the compressor inlet guide vanes. It
has been hypothesized that even at speeds this low, there exist regions between
the fan blades (near the tips) where the Flow velocities approach Mach one. This
condition can partially block sound generated by the blade/0GV source which must
pass between the fan hlades to reach the inlet flow passage.. Blockage increases
and spreads radially toward the hub as the fan rotational speed is increased until,
finally, even the interaction noise iﬁvolving the compressor inlet vanes cannot

radiate upstream of the famn.

-~ On the basgis of the foregoing--considerations,-a-ldning design-based -on the ..
existence of the difficult-to-attenuate four-locbed modes associated with the fan/0GV

interaction would appear to be over-conservative. Instead, the assumption has been
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made that during approach the fan/compressor vane interaction is the dominant
source., Since the assceciated modes have 172 circumferential lobes, such modes

would attenuate at approximately the same rate as the "average" mode excited by
broadband noise (assuming equipartition of modal energy). Additional support for
assuming that upstream radistion of fan blade/OGV interaction tones is minimal is
provided by Balombin and Stakolich {(Reference 11), who found that although the
harmonics of the fan blade/0GV radiated from the fan duct, there was virtually no
evidence of their presence in the forward gquadrant. For the foregoing reasons it
has been assumed that modes excited by pure tones in the fan inlet will attenuate
at approximstely the same rate as the average mocde produced by breoadband excitation.

This assumption is empicyed for both the wide body and ATT nacelle inlets.

Exhaust Ducts ~ TIn the case of fan and tailpipe liner designs it was assumed

that all possible modes which may he excited by blade/vane interaction are free to
propagate (above the cut—off frequency). As with the fan inlet, the presence or
abzsence of splitters in the exhaust flow passage is a prime design decision. Since
the penaities for using them include performance losses, structural complexity,
impaired access, and flow noise generation, a decision was made to attempt to
achieve aft quadrant noise reduction goals with wall linings only. Analysis
confirmed that this approach was feasible for both wide-body and ATT nacelles.

In the wide-body nacelie the extended fan duct necessary for attaining exhaust
mixing provides more than adeguate treatment area for attaining the noise reduc-

tion goal.

Tailpipe - For the same general reasons as described for the fan inlet and
discharge, it was desirable to avoid the use of splitters in the tzilpipe. In
the case of the STF 433 engine, the tailpipe rust be treated to attenuate both
the low frequency core noise and the high frequency turbine noise. This dval re-
guirement, pilus severe space limitations both in the radial and axial directions,
clearly suggested the uge of a dual frequency range absorptive structure, namely,
the newly developed horn structure known as Schizophonium which is described in

Appendix C.

Congideration of the RB.211-22 nacelle design utilizing mixed flow was found
to require a very different approach. A deeply fluted tailpipe of very limited
length and quite thin wall is required to accomplish the required mixing of the
primary and secondary jets. When provided with a tapered treatment depth this

geometry provides the essential features of a Lockheed proprietary duct silencing
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device which has been named the "Zeno duct." The Zeno duct concept combines a con-
stant flow area of progressively varying shape, a progressively varying duct height,
a constant wall resistance R and a wall reactance X which is functionally related

to local duct height. The net result is an efficient silencing device of broad
bandwidth., This tailpipe suppressor would be addressed primarily to turbine

noise. The cowl extension beyond the tailpipe required to provide a mixing section

is available for the absorvticn of core noilse.

In order to minimize the overall length of the nacelle, the mixing section
must be kept as short as possible. Aerodynamic considerations required a length of
about 101.6 cm (L0 in.) beyond the end of the tailpipe. The wave équation analysis
indicates that this is marginally sufficient if a Schizophonium.liner is used,

there being a mineor deficit of attenuation at very low freguencies.

The remsinder of this section provides descripticns of the acoustical liner
desigﬁs. The liners selected for wide-bedy and ATT aircraft nacelles are dis-
cussed separately, with the primary intent of demonstrating the approach to liner
optimization rather than presenting the noise scurce characteristics of a given

engine.

6.4.2 Wide Bodied Aircraft

6.4.2.1 Acoustical Design of the Fan Inlet

The initial step in the analysis of the inlet is the calculation of a complete
set of attenustion contours covering each 1/3 octave band of broadband noise requir-
ing attenuation (from 250 Hz to 10K Hz) and each pure tone and harmonic which can
contribute significantly to the inlet noise spectrum. Four examples are shown in
Figures U8 through 51. Figure 48 applies to the second harmonic of blade
passage frequency generated by 33 bladds and TO vanes. Figure 49 applies to the
case of 33 blades and Sb vanes (compressor inlet guide vanes); Figure 50 applies
to the 2500 Hz 1/3 octave band of broadband ncoise and Figure 51 applies to the
1250 Hz band of broadband noise. Other inputs ineclude the following:

Flow Mach number M= -0.4
Tip Mach number M= 0.83 ]
Temperature T = 291K

Tuct length
Durt diameter

e
1

0.5
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LOCKHEED RB.211-22 FAN INLET, ATTENUATION CONTOUR

1 (1250 Hz 1/3 0.B. BROADBAND NOISE)
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The centours remain invariant regardless of the liner being considered, or
the level cor spectrum shape of the noise, or the attenuation reqﬁirement. Thelr
shape, however, does depend somewhat on the length. Increasing length causes the
regions of large attenuation to shift to the right to higher resistances. Pre-
dicted attenuation spectra may now be read directly from the contours by enter-

ing each page at any assumed values of "in-plsce"” resistance R and reactance X,

The crucial second harmonic contours indicate that an optimum resistance of
the order of 5 Pc is appropriate. BSeparate analysis of this requirement indicateé
that the use of a perforated facing sheet is inappropriate because such a small
open area (less than 5%) would be required that its bandwidth and high frequency
response would be impaired. Therefore, & more linear, and essentially purely

resistive, type of lining was assumed at this point.

Another notable feature of the contour patterns is that, in generzal, the
optimum reactance tends to remain near zerc. By contrast, for a rectangular duct,

optimum reactances often attain large negative values.

Since the Tacing is now essentially resistive, the impedance of a simple liner

is:
R = constant
= _ W
X cot.?rf
where { = airspace depth.

Setting ! to a range of values centered on one inch, attenuation spectra were
read out of the contour patterns. The pure tone components were treated separately
and their attenuation established for each duct length and treatment depth., The
attenuations were applied to the source noise spectrum to determine an attenuated
noise spectrﬁm. Finally, at each duct length, the attenuated source PNL value
was calculated and compared to the design objective source PNL as shown in

Figure 52.

The twe curves in Figure 52 represent the two extreme assumpticns concerning
the source of the second harmonie of blade passage frequency. The upper curve is
obtained by assuming the tone 10 be generated by fan blade - compressor inlet guide
vane (12 lobe} interaction. The lower curve attributes the tone to interaction
between the fan blades and the fan duct OGV's (4 lobes). The precise division of
energy between these two sources is not known but, as previously meﬁtioned, experi-

mental evidence indicates a predominance of the fan blade-compressor IGV mechanism.
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As a check, the Rolls-Royce estimate of the attenuation provided by the produc-
tion inlet silencer also appears on the curve. Detalled consideration of the atten-
uation spectra for the three air space depths indicates that the bandwidth of the
simple liners is a limiting factor. If the liner is tuned to provide optimum
reactance at the second harmonic of blade pagsage, then the low attenuation region
(drop-out region) asscciated with air space depths of a half wavelength (¥—o)
cecurs at a high frequency near the fourth harmonic. At the same time, however,
there is a deficiency of lower fregquency attenuation becanse the band width is in-
sufficient. As the depth of treatment is increased tc 2.54 ecm, (1 in.} and 3.18 com.
(1.25 in.), the lower frequency attenuation below the second harmoniec is improved but
the second harmonic absorpticn is no longer optimum and thg drop-out regicn is moving
toward a region where attenuation is more important. As a result of these tradeoifs

the PNL reduction of the three air space depths is almost the same.

Broadband liners may take many forms, some of which are listed below:
e DBulk fibers and fecams
e Multiple layer liners

Permoblique — Ref. L and 7

® Parasone — Ref. 7

® DBicore - Ref. T

Although there‘is a considerable variation in the finer details of their loci

cf impedance as a function of frequency, their commen feature is a reactance which
more or less follows a cotangent law at low frequency and then, having approached
zero, tends to remain there. Thus, for preliminary analysis, broasdband liners

may be generalized by assuming their low frequency reactance to be:
i
% = -~cotwd
C

where £' is some equivalent thickness such that X—C at L= AL o= c/hfo and

X =0 at all freguencies ahove fo.

In the presence of broadband noise the resistance may usually be assumed to
remain about constant. It is thus possible to make a generalized comparison be-
tween simple liners and broadband liners. The results of such a comparison must
depend cn the shape of the noise spectrum and hence, on the shape of the attenua-

tion requirement spectrum. For the present case the replacement of a thin simple
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liner by a broadband liner of the same depth produces almost no improvement in FNL.
This is because the only significant change is the elimination of the first dropout
region but this oceurs in a frequency region having only minor significance. The
attenunation characteristics for all frequencies below the design freguency are the
same. If, however, the broadband treatment is now dcubled in depth, iﬁs design
frequency is placed at the blade passage fundamental. If this is done to the
simple absorber the dropout region would center at the crucial second harmonic
which is unsatisfactery. The deep broadband liner on the other hand provides near
optimum absorption in the frequency regiocn near the second harmonie. Its reac-
tance at the second harmeonic and asbove is near zero which means near optimum,
because the optimum reactance in a circular duct with spin mode inputs tends to

remain near zero.

The result of using a generalized broadband liner tuned near the blade passage
fundamental iz shown in Figure 53. It is seen that the length of inlet treatment
required to meet the present design objectives is reduced by about 15%. Tt thus
appears that broadband inlet duct liners are advantageous because they can be
deeper than simple liners.  Conversely deep liners are useful only if they are

broadband.

The use of deep broadband inlet liners provides secondary advantages In addi-
tion to meeting the present design objective with minimum treatment length. Tor
example, a major reduction in buzz saw nolise will occur. Buzz saw noise is not
dominant in the Tormal design objective but subjectively its suppression would pro-

vide an improvement.

The official FAR 36 approach condition leads to operation of the RB.211-22
engine at a spzed for which the blzde passage [ndamental is just below cutelT.
Under certaiﬁ landing conditions it may be necessary to operate the engines at a
slightly higher rpm with the blade passage Fundamental cut on. The advantage of the

deeper btreatment in this circumstance is clear,

Of the various types of broadband liner available, "Permoblique" zbout 6.35 cm.
(2.5 in.) deep is preferred for this application. Its evclution may be traced through
References b and 7. As described in Reference | prototype aireraft structures have
been- built-and tested. For-any. gliven depth Permoblique -offers-an absorption spectrum

similar to that of bulk msterisl, and is readily drainable. Figure 54 shows the

ORIGINAL PAGE IS
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measured impedance of unfaced Permoblique 5.08 cem., (2.0 in.) deep. The lumped impedance
of any facing sheet is series additive. Thus, by use of a purely resistive facing the

impedance may be shifted to the right by any desired amount.

Several pessibly relevant factors have not been taken into account in this
analysis. These include flow noise generation, sheared flow effects and directivity
effects. According to Reference 8, the use of a fine surfaced duct liner facing
sheet, instead of a perforate should inhibit flow nolse generation of the distributed
source type. The effect of a sheared flow layer which is very thin compared to
the diameter of the duct is expected to have 1little effect on the attenuation of
the average mode but to shift optimum resistance towards lower valués. Eversman,
Reference 9, has shown that as the sheared flow region becomes thinner, the shear
fiow and plug flow soclutions coalesce. The shape of the contour patterns is such
that selection of a resistance which is slightly higher than the indicated optimum
at the design frequency is a more conservative or 'safer' design than the optimum
because the roll-off of attenuation is much more rapid for resistance below optimum

than it is above optimum.

It is well known that generally the use of duct treatment reduces the direc-
tivity of a noise source. This inherent advantage has not been taken into account

and serves to provide a measure of coaservatism in the duct desdign procedure,

On the basis of the foregoing analysis it ig concluded that the inlet noise
reduction reguirements can be met. Ildeally, the liner facing sheet material
enployed should provide a degree of linearity which in practical constructiens has
been realized only in felted metals incorporating very fine fibers. A potential
alternative which is considerably more attractive when cost and weight are con-
sidered, are woven materisis constructed from non-metallic fibers. Although much
less linear than the fine fibered felt metals, they are considerably more linear
than perforated metals. With adequate experimental evaluation it may be possible
to overcome possible problems arising from liners which exhibit moderate

non—linearity.

6.h.2.2 Fan Duct

In addition to more than compensating for the performance losses associated
with fully extended, acoustically treated fan ducts, the exhaust mixing concept

offers certain acoustical advantages and challenges.
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First of all, the large duct wall area upstream of the mixer exhaust provides
space for an acoustical wall treatment which will be more than adequate for attain-
ing the noise suppression requirement, if flow noise does not prove to be a major
problem. This conclusion was derived‘from attenuafion contours, examples of which
are given in Figure 55 through 57. Using the second harmonic of the blade
passage freguency as the primary design fregquency, and assuming that four lobed .
circumferential modes due to fan blade/OGV interaction are present, the optimum
face sheet registance is found to bhe approximately 2.5 pc. It should be noted that
in discharge, as in inlet ducts, there is a tendency for the optimum resistance to
increase with duct length. This results from the fact that the mcdes which attenu-
ate most slowly approach grazing incidence. A review of the attenuation provided
by several liner depths indicated optimum performance at a-depth of 2.03 cm (0.8 in.)
The required treatment length is 320 em. (126 in.). A degree of "broadbanding" is
achieved with simple single layer lining configurations due to the necessgity of provid-
ing local variations in treatment depths to allow space for wvarious types of accessories
located within the cowl. Additional design conservatism is provided by the
presence of gentle turns in the flow passage which tends to increase the level
of noise reduction over that attained with the straight duct assumed in the

anaytical model.

Figure 58 summarizes the APNL relative to the design objective. Also
indicated is a comparison of the snalytical prediction and test data derived from

an RB.211-22 engine with a treated duct and a highly suppressed primary exhaust,

No deletericus effects of sheared flow on attenuation are to be expected in
a discharge duct since the refraction effects are into the liners. No advantage
has been taken of either helpful changes in directivity or of any high frequency
attenuation occurring in the cowl extensions. The design 1s, therefore, regarded
as conservative and backed by the remaining option of deeper hroadband treatment in

limited areas.

6.4.2.3 Turbine and Engine Core

To accomplish the mixing in minimum length, the tailpipe makes a rapid
transition from round to a deep, multilobed shape. To provide a mixing section,
“the suter cowl is extended past the ehd of "tHe tail pipe by one cowl radius. The
necessity for the free flow of fan air between the lobes makes thin wall lobe
structure very desirable, and the complexity of shape makes use of a simple lining

structure very desirable.
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The design approach chosen consists of addressing primary teilplpe treatment
to turbine noise only and treating the cowl extension for suppression of core
noise. Both the tailpipé and cowl extensgion are limited in length by mechanical
and aerodynamic factors such that highly efficient designs are required. Further-
more, the lobed tailpipe geomelry is too complex to be readily amenable to simple
lined duct analysis. If a single tajilpipe segment containing one lobe is considered,
the gecmetry is suggestive of a duct silencer type developed and tested by Lockheed

as pari of a prior Independent Research progranm.

The =fficilent acoustical performance obtained with the referenced silencer can
perhaps be best understood by first considering a hypothetical simple rectangular duct
of unit length that is conceptually divided into consecutive segments of lengths 1/2,
1/4, 1/8, 1/16 .... l/w. 1If the first segment {length - 1/2) is acoustically treated
on two of its opposite walls with a liner tuned to provide optimum attenuaticn at a
given frequency, the next segment can be given an optimized atfenuation at a
frequency one octave higher by introducing a central splitter (treated on both
sides) and employing wall and splitter linings that are one half the depth used on
the first segment. By doubling the number of flow passages (using treated splitters)
for each successively shorter segment and reducing the corresponding lining dépth .
bj a Tactor of one-half, the treated area for each segment remains the same, the
total flow passage area is held at a constant value and the attenuaticn is opti-
mized over bands whose center frequencies are spaced one octave apart. Since
there is theoretically no limit to the total number of such hypothetical segments,
the concept bears a resemblance to Zeno's paradox and has been named the "Zeno

Duct."

A practical versicn of the hypothetiical duct deseribed above can bhe achieved
by avoiding the introduction of splitters and increasing the duct width in inverse
proportion to the decreasing height, while tapering the treatment depth as the
height lessens. The cross—-sectional area is maintained constant. A Zeno duct of
this type has been built (see Figure 59) and tested and found to provide acous-

tical performance that is in agreement with prédictions (shown in Figure 60).

Each lobe of the RB.211-22 tailpipe exhaust mixer embodies tapering and
fiaring in orthogonal planes, thereby suggesting the Zeno duct treatment approach
described above. Predicted attenuations, based on an implementation of this
scheme, are shown in Figure 61 for single degree of freedom liners 4.57 cm. (1.8 in.}

tapered to 1.78 em. (0.7 in.) and 3.56 cm. (1.4 in.) tapered to 1.52 cm. (0.6 in.).
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Each prediction cubstantially meets the design objective as shown. Note that the
bandwidth provided by the Zeno duct approach is well suited to the shape of the tur-
bine noise spectrum. The thinness of the treatment, which is 0.6" deep at the trailing
edge, ig also advantageous to the mixing process. It is noted, however, that the
attenuation of the lcbed section is very difficult to predict analytically, and for

this reason the need for a scaled model test program is strongly indicated.

In its mixed flow design, the attenuation of the core noise is relegated to the
cowl extension. This extension is considered as a duct 193 cm. (76 in.) in diam-
cter and no more than 96.5 cm. (38 in.) long., In order to preserve minimum cowl
wall thickness, the prescribed treatment is Schizophonium {see Appendix C) 6.35 cm.
(p.5 in.) deep. Attenuation is optimized for the core noise by selecting the resisw
tance as optimum at 500 Hz at the possible expense of the high frequency range. The
residual high freguency absorption of the cowl extension is considered to provide a
measure of conservatism on the fan noise and turbine noise design. Figure 62 pre-
sents the abtenuation contours for 500 Hz broadband nolse in a cowl extension 1

radius long.

6.4.3 ATT

Fan Inlet - The considerable difference between the fan designs in the wide
bodied and ATT engines resulted in significant differences in target attermation
spectra. It is noted however that there does not exist a "one to one' corres-
pondence between the attenuation spectra and a corresponding PNL reduction; 1.e.,
there are actually an infinite number of spectra that could achieve a target PNL
reducticn. As shown in Figure 63, the ATT engine requires somewnat greater
attenuation at 1600 Hz but somewhat less than the wide bodied above 2500 Hz.

This increased need for attenustion at lower frequency tends to make the use of

a deep, broadband inlet treatment even more advantageous than in the wide bodied
inlet. As a result the recommended lining design 1s the same for the STF L33

nacelle as for the RB.211-22 inlet: namely, Permobligue, 6.35 cm. (2.5 in.} deep. The
required treatment length is 107 cm (42 in.).

Fan Discharge Duct — Fan discharge duct attenuation problems for the ATT and

wide bodied aircraft nacelles are very similar in spite of fan design differernces.
As a result, the prescribed acoustical treatments are the same; namely, treatment
of both walls of the annular duct with a simple single layer liner for a length of
566.7 em. (105 in.). The required "in place" acoustic resistance is 2.5 pe, which

reflects the considerable length of the duct.
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Figure 64 indicates that there is a slightly greater need for high frequency
attenuation in the ATT fan discharge as compared to the wide bodied nacelle. This
in part id due to the fact that the noise floor is lower for the ATT ajrplane. The
indicated 2.5 pc facing sheet resistance is attained with either fine holed per-

forated metal or woven structure facings.

Teilpipe - Since the STF 433 engine exhaust flows are not mixed, the acous-

tical design problems sre quite different from those encountered with the RB.211-22.

Twe types of noise emanate from the primary exhaust duct. The first, caliled
low ffequency core engine noise, consists mainly of a "haystack" of broadband
noise centered at about 500 Hz. The second is turbine ncise which occurs as a
broad peak near 5000 Hz. This nolse contains significant pitched tone energy

from the blading of the low pressure turbine wheels.

The attenuation requirement spectrum for approach operation suggests two

design points: 10 dB reduction at 500 Hz and 20 4B at 5000 Hz.

" Two sets of constant attenuation contours were generated, covering broadband

- noise from 100 Hz to 6300 Hz for cylindrical and annuiar ducts for lengths ranging
“from 1/2 to 4 radii. These may be read for either the RB.211-22 or STF L33

| exhausts by frequency scaling about 1/3 cetave and were, in fact, first used for the
RB.211-22 prier to the adoption of the mixed flow design. The turbine pure tones
in the 3TF U33 were assumed to attenuate at least as rapidly as the broadband noise

and were lumped with it.

To establish convenient bench marks two simple single layered liners were
designed Tor the cylindrical duct. The first was addressed to the core noise
design frequency of 500 Hz and the second to the turbine noise spectrum. The
first required a depth of 22.86 cm. (9 in.) and a length of 11h.3 em. (45 in.) and
provided negligible attenuation of turbine noise. The second, which was designed to
suppress turbine noise only, required a depth and treated length of 2.79 cm. (1.1 in.)
and 152.4 em. (60 in.) respectively. It was clear that a series combination of these
two duct sections would be prohibitive in respect to both length and diameter. This
led to the consideration of the doubly tuned Schizophonium liner conrcept. Accord-
ingly a liner of this type was tailored tc the two design fregquencies of 500 Hz and
5600 Hz by the ?roéedﬁres'outlinéd in Reference 7. This procedure led tc a pre-

scription of horn elements 6.6 cm. (2.6 in.) deep with a hyperbolic family parameter
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of zero. Since it is impossible to provide optimum resistance at both design fre-
quencies, a resistance of 2 pc was selected to favor the turbine noise, leaving the

core nolize treatment slightly overdamped.

Insertion of the Schizopherium liner impedance characferistics into the con-
stant attenuaﬁion contour patterns revealed the need for including a lined center-
body if the total duct length were not to exceed four outer radii. However, even
with the centerbody, the objectives could be met at the two design fregquencies but
an unacceptable deficiency in attenuation was found to exist at intermediate

frequencies.

To correct this, a simplifying change was made. By deleting the horn ele-
men%s from a certain percentage of the duct, the compartments involved revert to
single degree of freedom cells tuned to one-half of the upper design frequency.
For the purpese of analysis the two duet sections are cascaded and their attenua-
tions combined by a very conservative method that aveids overestimation by utiliz-
ing only the flattest attenuation versus length slope for the second section. It
was found that a 25% simple liner combined with 75% Schizophonium produced the
desired attenustion. In actual practice the horn deletions would be distributed
gystematically through the duct liner to provide fhe additicnal beﬁefits known to

result from such dispersion of treatment.

Tn éummary, the core noise and turbine nolse objectives can be substantially
met by an annular duct 165.1 cm. (65 in.) long utilizing a 75% Schizophonium treat-
ment and 25% single degree of freedom system, both of which are about 7 em (2.8 in.)
deep. The mixture of the two treatment types 1s accomplished by the distributed
deletion of horn elements, thus providing a convenient means of varying the spectrum

’

shape of the cversll attenuaticn.

6.5 NOISE SUPPRESSION SUMMARY

The remaining part of this section provides a summary of the subjective noise

levels predicted for the optimum nacelle design configurations shown in Section 5.

6.5.1 Wide Body Nacelle

. Estimates of free field perceived noise for the variocus treated sources are
given in Pigures 65 and 66 for apprecach and take-off operation respectively.
It is of interest to compare these levels with the PNL goals provided in Fig-

ures 4 and 45, Table 6 gives a summary of predicted EPNL levels as they
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NOISE SUPPRESSION SUMMARY

EPNL
WIDE BODY ATT
WITH QUIET WITH QUIET
FAR PART 36 CERTIFIED COMPOSITE FAR PART 36 COMPOSITE
LIMIT LEVELS NACELLE LIMIT NACELLE
TAKE OFF 105.6 96.2 93.3 103 94.2
APPROACH 107.0 102.9 97.6 106 95.7
SIDELINE 107.0 95.0 92.1 106 92.8

TABLE 6




relate to FAR Part 36 noise limits., Corresponding noise contour footprints for
approach and take-off operation respectively are shown in Figures 67 and 68.

Footprint areas for the same operating conditions are indicated in Table 7.

6.5.2 ATT Nacelle

Estimates of free field perceived noise for the treated sources are given in
Figures 69 and 70 for approach and take-ofl respectively. Table 6 gives a
summary of predicted EPNT, levels. HNoise contour footprints for approach and take-
of f are shown in Figures Tl and 72 respectively. F¥ootprint areas for the same

operating conditions are indicated in Table T.
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ENCLOSED AREAS OF NOISE CONTOURS
$Q Km ($Q. STATUTE MILE)

EPN dB
80 90 100 110 120
L-1011-1/RB.211-22B BASELINE
TAKEOFF 51.18 {19.76) 8.52 (3.29) 1.11 (0.43) 0.18 (0.07) 0.00*
{FROM
ROTATION) | -
APPROACH  60.55 (23.38) 7.72 (2.98) 0.67 (0.26) 0.00 -
L-1011-1/RB.211-22B WITH COMPOSITE NACELLE
TAKEOFF 44.60 (17.22) 5.62 {2.17) 0.41(0.16)  0.02 (0.01) 0.00%
APPROACH  28.75 (11.10) 3.34 (1.29) 0.13 (0.05) ~ -
ADVANCED TECHNOLOGY TRANSPORT
TAKEOFF 47.71 (18.42) 6.42 (2.48) 10.62 (0.24) 0.02 {0.01) 0.00*
APPROACH  26.16 {10.10) 2.05 (0.79) 0.05 (0.02) - ~

TABLE 7
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SECTION T

PROPULSION

7.1 INTRODUCTICN

The thrust and drag characteristics of each of the engine nacelle configurations
examined in this study weré estimated in order to establish their relative installed
specific fuel consumption levels., This performance was then compared with the per-
formance of the wide body and ATT baseline configurations. As previcusly noted,
the wide body aircraft baseline nacelle configuration incorporates an lmproved
aTtbody (150) version of the L-10il's RB.211-22B wing pod design. This configura—
tion is illustrated in Figure 17. The ATT baseline nacelle configuration is con-
ceptually similar to the wide body except that it is dezigned for the Pratt and
Whitney STF 433 engine. The ATT configuration, however, has a higher fineness ratic
nacelle since it is designed for a higher cruise Mach No. than the wide body

transport.

The initial wide body nacelle configurations examined incorporated coplanar
nozzles, see Pigures 20 through 2L, Performance analyses conducted for these
configurations showed that they all incurred an SFC penaity of from 1 to 2 percent
due to increased internal flow losses and external nacelle drag. Table 1 in
Appendix A presents a tabulation of the weight and SFC penalties asscciated with
these configurations. In an effort to improve the performsnce, a configuraticn
employing o mixed flow exhaust system was developed {see Figure 25Y. This con-
figuration was seclected Tor performance evaluation in the preliminary design study

and later evolved inte the minimum fuel consumption design.

Initial ATT configurations examined are shown in Figures 27 and 28. Thece
configurations resulted in approximately a 2 percent cruise BFC penally as shown
in Table 2 of Appendix A. A mixed flow exhaust system was not examined for this
iﬁéfallation because the engine exhaust velocities had already been optimized for
performance and noise and, therefore, mixing would not be advantageous for this

configuration.
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This section presents in the following paragraphs a discussion of the analytical
methods used to compute engine performance levels and details of the relative
performance of nacelles examined in the conceptual design phase and Those selected

for the preliminary design evaluation.

7.2 ANALYSIS TECHNIQUES

The various nacelle configurations noted sbove were analyzed to determine the
effects of varying amounts of accustic trestment on inlet, fan duet and exhaust
nozzle performance. The engine and inlet internal loss increments were computed
using skin friction coefficients consistent with effective roughness of the wvarious
types of internal surfaces employed in the engine nacelle. These coefficients varied
from 0.0024% to 0.0030 for hardwall surfaces and from o.oohé to 0.0050 for the acous-
tically treated surfaces. Engine manufacturer supplied cycle decks were used to
determine sensitivities of BFC and thrust to inlet recovery, duct pressure less and
nozzle performance. These sensitivities were then multiplied by the respective loss

irerements to obtain the total internal performance increment, e.g.,

A STC 4 SrC % SFC
of =
sasre, = gl (an) + A (AR ) ¢ g E— (AT o)
int. %Y]Inlet A APFan Duct gAFnNozzle Nozzle
Duct Loss
Loss

in addition to these internal losses external drag differences were also accounted
for using standard skin friction coefficient correlations in determining the total
overall performence increment. The incremental SFC differences associated with
each configuration in the preliminary concept evaluaticn phase are presented in
Appendix A, Tables 1 and 2. The SFC differences shown for both the wide bedy and
advanced technology transport reflect only installed propulsion system performance
levels and do not account for alrcraft performance variations resulting from
nacelle weight differences. The A fuel used values include both SFC and weight
effects. As can be seen, only the configuration with a mixed flow exhaust nozzle

system is capable of offsetting performance pensliies of a long nacelle,

Mixed flow performance wag compuLed using a methodology developed by Lockheed
based on an extension of Marbert's work and a correlation derived to match the
data of Frost and Hartmann. These caleulations showed that the mixed flow version

of the long inlet nacelle has a cruise SFC approximately 1.7 percent better than



the accustically equivalent coplaner nozzle configuration Table 1, Appendix A). As

5 result of the conceptual design study (CD3) it was decided to concentrate prelimi-
nary design efforts on the mixed flow exhaust configuration. Table & summarizes

the varicus nacelle design refinements and related performance improvements beginning
with the ODS mixed flow configuration (Figure 25). Acoustic considerations permit
the inlet length to be reduced {(to an intermediate length) improving the performance
by 0.2 percent, and allows replacement of perforate material in the inlet and fan
duct with aerodynamically smooth acoustic liners having comparable suppressiocn capa-—
bility. This results in a configuration (Shown in Figure 30) having an SFC 0.7 per-

cent better than the baseline.

The minimum fuel configuration incorporates a short inlét gimilar to the‘base~
line and removes the perforate material from the mixer and tail pipe. This con-
figuration {shown in Figure 36) has an estimated SFC 1.2 percent better than the
hageline. Differences in fuel used to maintain the same payload/range as the base-
line widebody aircraft are presented in Table 9 for the final configurations
analyzed. Also shown are the installed SFC and weight increments which contribute
+to the aircraft fuel used differences. Comparable ATT results are shown in

Table 10 for the resized airplane.

T+ is again noted that the baseline configuration employed in this study
incorporates the improved aftbody (15”) design relative to the original production
aftbody on RB.211-22B engines. This aftbody was flight tested and shown to have
approximately 3 percent improvement in cruise performance relatlive to the original
production configuration. Had the original production aftbody been used as the
baseline in the aconstic nacelle study, the indicated mixed exhaust performance
improvement would have been 3.7 to 4.2 percent. It is emphasized, however, that
the 15O aftbody is used as the baseline because it provides a more realistic
assessment of mixed flow exhaust potential (approximately 1 percent) relative to a

developed, high performance aftbody.

Pinally, the mixed exhaust performance represents an estimate, based on
correlations of model test data. Full scale data are required before the gain

can be established.
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LOCKHEED

CONFIGURATION

® BASELINE ~{FIG. 3-3)
SHORT INLET, SEPARATE EXHAUST NOZZLES

® MIXED FLOW ~(F1G. 4-6)
LONG INLET, MIXED EXHAUST

® MIXED FLOW ~ (FI1G, 5-1)
INTERMEDIATE LENGTH INLET

® MIXED FLOW ~(FIG. 5-1)
AERODYNAMICALLY IMPROVED ACOUSTIC
TREATMENT IN INLET AND FAN DUCT

® MINIMUM FUEL ~ (FIG. 5-6A)
SHORT INLET (SAME AS BASELINE)
REMOVE PERFORATE LINER FROM MIXER
AND MIXED EXHAUST NOZZLE

TABLE 8

ﬁ;— °°°°°°°°°°°°°° CRUISE SFC SUMMARY WIDEBODY NACELLES

ASFC ~ %
RELATIVE TO BASELINE

-1.2
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5t NACELLE DESIGN EFFECT ON AIRPLANE PERFORMANCE
: WIDEBODY TRANSPORT
AFUEL
AWT USED %
PER AIRPLANE | ASFC | (SAME PIL
MATER AL CONFIGURATION kg (Ib) % RANGE)
COMPOS ITE BASE - 538 (-1187) 0 -0.35
METAL MIXED FLOW +1422 (+3135) 0.70* | +0.23
COMPOSITE MIXED FLOW + 694 (+1530) -0.70% | -0.25
COMPOSITE MINIMUM FUEL 395 (871) L2 | -0.94

~ *SMOOTH FAN DUCT, PERFORATE TAIL PIPE
**SMOQTH DUCT AND TAIL PIPE

TABLE 9
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NACELLE DESIGN EFFECTS ON AIRPLANE PERFORMANCE

ADVANCED TECHNOLOGY TRANSPORT

AFUEL
ANACELLE WT ATOGW USED
PER AIRPLANE PER AIRPLANE (SAME P/L
MATERIAL CONFIGURATION kg (LB) kg {LB} ASFC % | RANGE)
METAL 3/4 FAN DUCT
COMPOSITE INTERMEDIATE +708 +3010 +1.7% +3.5%
LENGTH INLET, {+1561) (+663b)

LONG FAN DUCT,
ACOUSTIC TREATMENT

TABLE 10




SECTICH 8

STRUCTURES

The role aof the nacelle in providing the structure, services, and alr passage
requirements of the propulsicn system imposes a different emphasis in applying
gtructural criteriz than that employed for the bulk of the aircraft'structuref The
use of composites likewise requires particular aftention to certain agspects of
design. In this section, these nacelle-peculiar and composite-peculiar considera~
tions are discussed for each component of the structure and related to the current

and to the projected state of the art in composites.

8.1 TDESICN CRITERIA

8.1.1 S8tatic Loads

Static strength is reguired for inertia loads, air loads on the cowl, and
internal pressures. From a review of the L-1011 design criteria andrétress analy-
sig, the following conditions are selected to obtain representative member sizing

for preliminary design:

Tnertia load factors:

n, = -7.47 ultimate
n =1,7k
x
_ OR
n = 1.125 1GLy
¥ OF p AL P4
Internal pressure: OOR GE 5

AfL of fan 138 kPa (20 psi) ult.

Tniet 20.7 kPa (+3 psi)
20,7 kPa (=3 psi)

Adr loads on cowl:
Shear at fan case attach. = 76,950 N (17,300 1b) ult.

Bending moment at fan case attach. = 133,400 Mm (1,180,000 in. 1Db) ult.

B-1 .



8.1.2 Durability

Fatigue - Although the maximum internal pressures occur at the extremes of the
operating envelope and so do not occur on every fiight, normel operations de involve
pressures which are of significant‘magnitude. Frequent high loads of this nature
present a potential fatigue critical design. The high intensity acoustic environ-
ment also presents a potential fatigue problem that is unique to the nacelle. As
a fatigue analysis reguires more detailed data than is availabie at the preiiminary
design state, the criterion used in this study is to proportion the composite mem-
bers to work at the same ratic of 1limit stress to allowable stress as the existing
design. Un-notched composite specimens typically exhibit higher ratios of fatigue
to ultimate stress than metals, so this approzch is inherently conservative. Notch
effects can be severe in composites, and the detail designJﬁust recognize gtressg

raisers and provide suitable doublers or softening strips.

Damage Sensitivity - The criterion employed is that the composite structure

should be as rugged as the metal. As definite methods of analysis for damage sen-
sitivity are nct available, comparative tests (see Section 10) of metal and com-

posite panels are used to evaluate alternate designs.

8.1.3 Fail-3afe

Particular hazards for which a fail-safe capability is provided are a burst

anti-icing air duct and a failed member in the inlet.

8.1.4% Smoothness and Panel Flutter

Smoothness under pressure and panel flutter are both functions of surface
stiffness. Performance equivalent to the metal baseline is assured by maintaining

the span to stiffness ratio (b/t ) of composite panels equivalent to that of the

eff
metal baseline. The span, b, is the ring spacing, the effective thickness, teff’

is chosen to match the. bending stiffness, EI, values of composite and metal skins.

8.2 MATERIALS AND ALLOWABLES

Fibers considered are graphite, Kevlar 49, and boron; resins considered are
epoxy and polyimide types. Boron-aluminum is considered for parts requiring erosion

resigtance and elevated temperature capability.

Material properties are taken from Ref. 1Lk, The design properties of fibers

and resins supplied by various vendors differ from these values, and are expected

8.2



tc improve in the next few years. WNo attempt is made to anticipate improved

properties or to prepare material specifications.

Epoxy resins are considered applicable to parts encountering temperatures about
480 K with suitable allowance for the effect of temperature and humidity on the
properties. 7Tt is considered that resins suitable for use at a temperature of 600 K
will be available. The polyimides are taken to be typicel of such resins and it is

anticipated that processing technigues for prodﬁcing guality parts will be developed.

There are several categories of polyimides available which vary significantly
in thermal stability and processing characteristics. For temperatures in the h80 K -
500 K range, & recently developed addition - polyimide is being evaluated with
" graphite by Lockheed for processing characterisﬁics and resistance to elevated tem-
perature and humidity. This polyimide type (represented by Kerimid 353, Phodia Corp.,
and F-178, Hexcel Corp.)} is easier to process‘but less thermally stable than other

polyimides.

For higher temperatures, {500 - 600 K), other polyimide systems are required
which are more difficult to process, Condensation polyimides have been available
for & number of years, but are extremely difficult to process because volatile by~
products are produced during cure. Any hardware application of these materials
will require processing development to ensure a quality part. Other polyimides are
aveilable for use at 500 X and sbove which do not produce volatiles, buf these have
the problem of extremely high processing temperatures (up to 700 K), which also

would require process development,

The behavior of composites after lengthy exposure to the operating environment
remains to be demonstrated. However, military experience and laboratory tests to
date indicate that with certain brecautions satisfactory service can be expected.

Specific hazerds and the design precaution taken are:

Lightning and Static Charge -~ A layer of aluminum wire mesh over the exterior

surface and grounded to the airpiane metallic structure is used to conduct lightning

strikes away from the composite and to discharge étatic electricity.

Galvanic Corrosion - Contact between graphite and metal is prevented by using
glass or Kevlar plies at faying surfaces and instal;ing metallic festeners wet with

corrosion-inhibiting sealant.

Humiditx - The edges of laminates and sendwich panels are sealed to minimize
the entry of moisture to the bond line.

8-3
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8.3 STRUCTURAL ARRANGEMENT

The fan case of the engine serves as the foundation of the nacelle structure
as indicated in Figure 73. HNacelle Joads are transmitted to the fan case which
transmits them to the engine and thence to the engine mounts and pylen. The inlet
is a short deep beam cantilevered from the forward face of the fan case to which it
is attached by a circumferential row of tension bolts. As the fan case forms the
flow passage surface, the inlet attach angle is close to the inner wall; the inner
wall of the inlet is therefore made the primary load path to the fan case. The
outer shell of the inlet is attached to the inner by the rings at the forward and
aft end. Each shell is designed for the lccal pressures resulting‘from external

alr flow and flow through the inlet.

The fan case carries the engine accessories, and the nacelle structure in this
region consists of a door support member at the top to which is hinged a full depth

docor on each side of the nacelle.

The nacelle structure immediately aft of the fan case is the thrust reverser
frame which consists of a forvard ring, six longitudinal beams, and an aft ring.
The spaces between the beams are occupied by the cascades which turn the fan flow
in the reverse thrust mode. The beams transmit the inertis and pressure loads from
the nozzle to the forward ring and support the six actuators that operate the
blocker doors and the translating cowl. The general arrangement of this mechanism

is shown in Figure Th.

The neczzle aft of the thrust reverser consists of an inner and an cuter shell;
the inner forms the fan duct, the outer the nacelle contour. A service Joint which
makes the transition from the composite nozzle structure to the high temperature

tail cone is provided just forward of the primary nozzle exit plane.

8.4 COMPONENT DESIGHN

8.4.1 Cowl Lip

The cowl lip is shown on the inlet drawing, Figure 75. The governing criteria
for the cowl lip are resistance to hail and provision for hot air anti-icing. Oper-
ating temperatures at some poinis reach L03 K, and short time exposures up to Los K
may oceur with & burst duet. The baseline nose is 1.62 mm {.06L4 in.) aluminum to
meet theze conditions. Candidate composite materials are: graphite and Kevlar

polyimide with a protective cecating, and boron-aluminum. As the boron aluminum is

8-k



58

LOCKHEERD STRUCTURAL ARRANGEMENT

COWL SUPPORT STRUCTURE
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FIGURE 73
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nearly as dense as aluminum and as thinner gages are not as resistant to impact, no
advantage is seen for this material. With the present state of the art, composites
are not recommended for this part., Projecting an improvement in polyimide tough-
ness and processing combined with a suitable surface coating, a weight saving of
8.2 kg (18 1v) is anticipated. The weight saving i calculated using the weight of

.25 mm (.01 in.) titanium az the protective coating.

8.4.2 1Inlet Outer Skin

The critical static load condition is & collapsing pressure of 20.6 kPa (3 psi).
The ability of sandwiches 7.62 mm (.3 in.) thick with minimum gage graphite or
graphite~-Kevlar to match the durability of the standard 1.0 mm (.040) aluminum skin
was doubtful, so the tests described in Section 10 were made. On the basis of these
tests the skin-ring arrangement shown in Figure 76 is selected. This skin-ring
structure weighs 2.72 kg/m® (.558 psf) compared to k.L6 kg/m2 (.94 psf) for the
basic’ aluminum structure, a saving of 20 kg (44 1b) per inlet on bhasic structure of
50.8 kg {112 1b) in metal. This structure is current state of the art; the major

improvement foreseen is the development of more damage tolerant arrangements.

§.4.3 Forward Bulkhead - Inlet

The forward ring is subjected to 659 kPa (10 p;i) ultimate pressure and operat-
ing temperatures up to 453 K from anti-icing operation. Burst duct temperatures
approach 533 K at some points. A corrugated web laid up integrally with cap strips
is used to take the pressure; graphite cloth with polyimide resin to meet the tem-
perature requirements is used. A weight saving of 6.5 kg (14 1b), 56% of the

aluminum-titanium baseline is expected.

&. 4.4 Aft Bulkhead - Inlet

The aft ring of this inlet serves as a firewall and is made of titanium in the
baseline nacelle. Operating temperatures are 383 K. A composite sandwich web using
graphite for the forward face and sttach angles and .33 mm (.0l2 in.) titanium for
the aft face and attach angles to provide the fire resistance is used. A,weight
saving of 3.2 kg (7 1b), 28% of the metal isg expected. As the coperating tempera-
tures are within the epoxy range and titanium-graphite sandwiches have been made

for experimental floor boards, this ring is considered current state of the art.
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8.4.5 Inlet Inner Skin

The inner skin is the primary structural shell as well as the acoustic sup-
pression panel. The bending moment of 133,400 Nm (1,180,000 in. 1b) produces a
load intensity of 35 kN/m (200 1b/in.), which is within the capability of reasonably
stabilized skins. The acoustic requirements therefore dominate the design. To
achieve the broadband characteristics Dver'the frequency range desired, the
"Permoblique" configuration 6.3 em (2.5 in.) deep is reguired. The alternate con-
figurations are shown in Figure Tf: Both are characterized by the porous diagcnals
and the high acoustic resistance of the faces and diagconals. Compartmentation of
the acoustic passages formed by the diagonals and walls is required; this is formed
by the honeycomb in the built-up version, and by the ribbed inserts in the second.
A sample of the woven type, 1.%90 cm (.75 in.) deep, incorporating the desired
accustic resistances has been supplied by the Woven Structures Division of HITCO.
It appears that with a reaschable development effort, the woven type could meet the
acoustic, structural, and smoothness requirements at an appreciable saving in
material and assembly costs. Because of the mechanical attachment of the core mem-

bers to the faces and potential cost savings, the woven type is used in this study.

8:L.& Attach Ring

The inlet is attached to the fan case by & forged aluminum angle. The same
basic geometry, strength ahd stiffness are provided in the composite version.
Graphite cloth has been found adaptable to the layup of curved angles so this is
regarded as current sitate of the art. The weight saving is 5.9 kg (213 1b).

8.4.7 Cowl Doors

The cowl doors on the baseline are sandwich panels with aluminum faces. As the
upper halves of the doors serve as fire walls to protect the wing, the inner face
is protected by a titanium shieid on the upper half. As the doors are subjected
Lo bending and torsion when open in high winds, the sandwich structure is retained.
The skin gages required, .76 mm (.03 in.), are sufficiently rugged. The aluminum
skins, 29 kg (65 1b), are changed to graphite with a weight saving of 10 kg (23 1b)

per nacelle using current state of the art.
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8.4.8 BSide Panel Support Structure

The door support structure is a built-up titanium structure in the baseline as
shown in Figure 78. Using a similar configuration tc suit the established hinge
points, the weight saving is 1 kg (2 1b) in graphite epoxy; a cost saving is also

expected over the titanium with present state of the art composite techniques.

8.4.9 Thrust Reverser Support Structure

The composite thrust reverser support structure is an integral unit with the
nozzle as shown in Figure 79. The six longitudinesl beams are built into the nozzle
shell thereby fofming a rigid frame for carrying‘vertical and lateral inertia loads
to the forward ring which is attached tc the fan case by a circumferential row of
teﬁsion bolts. These beams pick up the tension load produced by gas pressure on the
nozzle thru tapered doublers on the nozzle. The unidirectional beam caps (Sect FF)
are likewise tapered into the nozzle Taces. The concentrated loads on the forward
ring are distributed to the fan case by the forward ring which iz stiffened about
its radial axis by unidirectional fibers in the forward and aft walls of the box
seétion. The nozzle wall is basically a sandwich 2.54 em {1 in.) deep which also
serves as acoustic suppression. The forward portion of this sandwich is thickened.
tb form the aft ring of the thrust reverser frame. The forward closure of this ring
is a channel which provides attachment flanges for the cascade supports and actuator
screw bearings. Longitudinal channels are inserted to provide lceal support for

the blocker door hinge fittings.

As The structure is indeterminate and deflections are of primary interest
because of the mechanisms involved, a NASTRAN model using the elements shown in
Figure 80 was used to check the proportions used. Keascnable stresses and deflec—

tions were found at all points.

The weight of the idealized forwsrd and aft rings and six beams used in the
analysis is 63.5 kg (140 1b). The equivalent aluminum ideal weight is 104 kg
(230 1b), and the actual baseline weight is 157 kg (347 1b). It is expected that
the 41 kg (90 1b) saving in ideal weight can be realized, amounting to 26% of the
baseline weight. The elements of this structure are considered to be current state
of the art; however, an extensive sub-element test program is neéessary to verify

all design details, and a tooling development program is reguired for the assembly.
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Wozzle Structure - The nozzle sbructure consists of the inner shell which is a

honeycomb sandwich to serve both acoustical and structural functions. The graphi%e
faced liners weigh 6.L49 kg/m, (1.33 psf); corresponding metal liners are 10 kg/m

(¢ psf), a saving of 33 kg (73 1b). The outer shell is the ring stiffened graphite
Kevliar-syntactic resin structure selected for the inlet; the weight saving over

1. mm {.0h0) stiffened siuminum is 22 kg (49 1b).

A ring at the forward end of the nozzle supports the outer shell and seal.
The ring is laid up with integral beads using graphite and Kevlar cloth, 1.3 mm
(.05) total thickness. The weight saving over equivalent sluminum is 4.5 kg (10 1b).

8.4.10 Translating Cowl (Figure 81)

The translating cowl on the mixed flow nacelle is considerably longer and shal-.
lower than the baseline, but retains the eésential structural features — a strong
ring at the forward end to which the actuators and links to the blocker doors are
sttached, an outer skin and an inner skin connected by rings. The maln ring is
changed to graphlte retaining the baseline geometry, stiffness and strength. The
outer skin uses the graphite-Kevlar-syntactic resin layup selected for the inlet;
the inner skin being less exposed omits the graphite. The corresponding metallic
akins are 1 mn {.040) outside and .8 mm (.032) inside, The primary structural
elements in composites weigh 72 kg (158 1b), in aluminum 99 kg (719 1b). The
saving is 28 kg (61 1b), 28%. This assembly is current state of the art.

8.4%.11 Tail Cone (Figure 82)

The tail cone is exposed to the hol core gases without the cooling fan flow
during reverse thrust cperaticn. The inner wall is therefore made of steel. The
trested portion uses an assembly of small horns to attenuate the low f{requency core
noise; although complex, this section is similar in comstruction to other applica-
tions of "Schlzophonlum" that have been built at Lockheed. The outer fairing of
the tail cone, including the removable panel providing access to the tail cone
attaching bolts, uses the gtiffened skin selected for the inlet. The panel area is
5.1 m2 (55 square feet); stiffened 1 mm (.0L0) aluminum weighs 23 kg (50 1b), the
composite 17 kg (37 1b).
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8.4.12 CGas Generator Cowl

The cowling is subjected to fan pressure and elevated temperature from the
engine. A five percent weight saving is estimated by the use of graphite-polyimide
backing sheets, a saving of 7.7 kg (17 1b). Verification testing for this applica-

tion is necessary.

8.4.13 Blocker Doors

The blocker doors are aluminum forgings with lugs for the hinges and link
attachments and a pan for the acoustical trestment. Chopped fiber meoldings seem to
be the most likely technigue for applying composites to these parts. A weight sav-
ing of 15%, 16 kg (36 1b), is estimated with the development of an economical

process.

8.4.14% Cascades

The cascades for turning the fan flow ére cast magnesium. A weight saving of
approximately the density difference of graphite epoxy and magnesium is expected
with the development of economical molding techniques. A 10% weight saving yields
7.2 kg (16 1b).

8.4.15 Hoop Plate

The hoop plate provides continuity across the pylon area. By comparison with

the cowl supports, s weight saving of 25%, 7.2 kg {16 1b), is estimated.

8.4.16 Pairings

The fairings around the engine mounts, plumbing, and equipment in the fan duct
are similar to the outer shell. A saving of 30%, 22 kg (48 1b), in the skin and

supports is estimated.

8.4.17 Actuators, Ducts, Tail Pipe, Firewall

The actuators are mechanical parts, the ducts and tailpipe operate at high
temperatures. No specific composite developments thaﬁ.might save a significant
amount of weight are foreseen for these parts. The mixer éonstruction is shown in
Figure 83. The bulkhead at the aft end of the fan casé serves as a fire wall and

is loaded by the thrust reverser. The thrust reverser suppcrts, para B.4.9, aiéif

composite, but the titanium firewall is retained.

8-20
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SECTICN 9

WEIGHT

The nacelle welights used in the economic comparisons are complled in this
section. The wide-body bascline weights sare extracted from L-1011 data and are pre-
sented in Table 11. The weight savings shown for converting to composites are
derived from the analyses discussed in Section 8 for the primary structural com-
ponents and, for the many small components, are estimated by compariscon with the
primary parts and with previous studies. The ssterisk indicates parts which reguire
some additicnal development to be technically or economically practical. In gen-
eral, small parts of complex shape are regarded as econonmicalily impractical at
present becasuse the tooling and gualification testing required for each part are

large compared to the welght Involved.

The component weights for the acoustic—coﬁposite mixed flow nacelle are given
in Table 12. The weights are based on the preliminary design study for the major

components; welghts of detall parts are estimated by comparison with the L-1011 data.
Table 13 summarizes the weights of the ATT preliminary design nacelle.

A summary of the nacelle weights used in the concept selection study discussed

in Section 4 is shown in Appendix A,
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"WEIGHT BASEL INE WIDE BODY

9-2

METAL SAVING COMPOSITE

PART KG LB % KG LB KG LB
Cowl Lip 28 62 29 8 %18 20 Ly
Cowl Outer Panel L1 Q0 39 16 35 25 55
Fwd Bulkhead 11 25 56 6 *1L 5 11
Rear Bulkhead 11 25 28 3 7 18
Liners 6k 1Lko 21 13 29 51 111
Attach Ring 13 29 45 6 13 T 16
Brackets and Clips 20 Ls 30 ¥1L 1k 31.
Fasteners 1L 30 0 0 14 30
Inlet Total (202) (446) | (29) (58) | (130) (1hh) (316)
Cowl Door S8kins 39 85 35 10 23 29 62
Core 25 5k 0 C C 25 5L
Latch Channels 12 27 20 2 #g 10 72
Channel Ribs e 20 20 2 *]) 7 16
-Access Doors 12 26 30 L 8 8 18
Hinges 15 3L 0 C 0 15 34
Latches 9 20 0 0 0 9 20
Struts — Open 6 1k Q 0 0 A 1k
Fasteners 6 13 0 0 0 6 13
Supports 5 12 16 1 2 l 10
Doors and Supt Total (138) (305} | (1h) (19) (he) (119) (263)
Trans Cowl Skins 33 T2 32 10 23 23 L9
Webs 25 55 30 T 16 18 39
Angle and Supt T 16 30 2 5 p] 11
Strap Cap L 10 23 1 2 3 8
Channel, Hoop 6 13 23 1 3 5 10
Skin Lands L4 9 32 1 3 3 6
Angle Rear 6 1h 0 0 0 & 14
¥Indicates further developﬁent required

TABLE 11




WEIGHT BASELINE WIDE BODY

METAL SAVING COMPOSITE
PART KG LB % KG LB KG LB
Misc Stiff.: 13 29 20 3 *6 10 23
Fasteners. 5 1L 0 0 0 5 11
Trans Cowl Total (103) (229) | {(25) (25) (58) {78) (171)
Fan Nozzle (34) (7h) 0 0 0 (34) (74)
Cag Gen Cowl (157) | (3870 | (5} (73 | *a7) | (150) | (330)
Blocker Doors 110 243 15 16 %36 ok 207
Cascades 73 161 10 7 %16 &6 1ks5
Cascade Supts 157 30T 26 b1 ¥90 116 257
Hoop Plate 29 6L 25 T 16 e L8
Vairings 3 161 30 22 48 51 113
Firewall 73 160 0 0 73 160
Actuators, Ducts 89 197 0 0 0 89 197
‘Reverser Total {6oby | {1333) | {15) (93) | {206) (511) | (21271)
Tail Pipe Total (87 | (193) 0 0 (87) | (193)
Total Fwd 341 71 23 78 172 263 574
Total Aft GB7T 2176 13 127 281 860 1895
Total /Wing Pod 1328 2927 15 205 153 1123 2brh
Total/Airplane 3643 8030 15 538 1187 3105 6843
*Iﬁdica‘tes further development is reguired
Considering only current state of art:
Total Fwd 341 751 16 53 117 288 634
Total AfY 987 2176 5 53 116 934 2060
Total/Wing Pod 1328 2927 5] 106 233 1222 2694
Total /Airplane 3643 8030 T 26k 582 3379 Thhg
SJRIG ar TABLE 11 (CONTINUED)
Liry 9-3




WEIGHT MIXED FLOW WIDE BODY

—
METAL SAVING COMPOSITE
PART KG LB A KG LB KG LB

Cowl Lip 28 62 29 8 18 20 Lk
Cowl Quter Panel 51 112 39 20 Ly 31 68
Fwd Bulkhead 11 25 56 6 14 5 11
Rear Bulkhesad 11 25 28 3 T 8 158
Liners (Comp) 122 270 0 0 0 122 270
Attach Ring 13 29 45 6 13 T 16
Brackets, Clips 20 45 30 6 1h 14 31
Fasteners 1h 30 G 0 D 14 30
Diffuser Ring 17 37 19 3 7 1L 30
Inlet Total (287) (635} | (18) | (52) | (117) | (235) (518)
Cowl Door Skins 39 a5 35 10 23 29 62
Core 2k 5L 0 0 0 2k 54
Hardware and Supts 75 166 11 9 19 66 147
Doors end Supt Total (138) {305) (14) (19) (k2) (119) (263)
Trans Cowl Skins 73 160 32 23 50 50 110
Main Ring 19 b1 2h T 16 3k
Rings 8 18 33 2 L 6 1k
Fasten, Misc L8 107 0 Q L& 107
Trans Cowl Total {148) (326) | (19) | (28) {(61) | (120} (265}
Fan Neozzle Liners 29 218 33 33 73 66 145
Fan Nozzle Out Shell 57 125 39 22 e 35 76
Fan Nozzle Ring 10 oo 45 5 1c 5 1z
Fan Hozzle Total (166) {365) | (36) | (60) [(132) (106) (233)

TABLE 12




WEIGHT MIXED FLOW WIDE BODY

METAL SAVING COMPOSITE

PART KG 1B % KG B KG LB
Tall Cone Qut Shell 23 50 26 6 13 17 37
Acoustic Treat 162 358 0 0 0 162 358
ATt Cone 51 112 0 0 6] 51 11z
Tail Cone Total (236) | - (520) {6) | (13) | {(230) - (507)
Gas Gen Cowl 157 (347) 5 (7) (17} 150 {330)
Reverszer Structure 157 LT 26 b 90 116 257
Blocker Doors 110 2h73 15 16 36 gL 207
Cascades 73 161 10 T 16 66 145
Hoop Plate 29 6l 25 T 16 el L8
Fairings T3 161 30 22 48 51 113
Firewall T3 160 O 0 0 73 1640
Actuators, Ducts 87 197 0 0 0 89 197
Reverser Total (60h) {(1333) | {15) {93) {206) {511) (1127}
Tail Fipe {92) (20k) 0 0 O (92) {20h)
Total Fwd haé glo 17 72 159 340 781
Total Af: 1403 3055 14 195 hoo 1208 2666
Total /Wing Pod 1830 h035 15 267 588 1563 347
Total/Airplane 5062 11165 14 728 1605 4334 9560
AWL/Airplane 1421 +3135 6oL +1530
FRefer Base

TABLE 12 (CONTINUED}
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ATT PRELIMINARY DESIGN WEIGHT SUMMARY

METAL COMPOSITE
KG % KG
ITEM (LB) : SAVED (LB)
Inlet 297 29 210
(654) (Lah)
Cowl Door and Supt 102 14 &8
(225} {(194)
Translating Cowl 91 25 BE
(200) {150)
Fan Nozzle 213 0 213
(470} {(h70)
Thrust Rev, Fair, Gas 576 15 490
Gen Cowl, Misc. (1270) {1080)
Tail Pipe 213 0 213
(k70) {hrod
Total Fwd 399 25 298
{879) {658)
Total Aft 1093 10 ofh
{2h10) (2170)
Total/Nacelle ihae ih 1282
{3289) (2828)
Total/Airplane LOTY 13 3550
(8988) (7826)
Change from Baseline 1235 708
(2723) (1561)
TABLE 13




SECTION 10

MANUFACTURING & REPAIR

Composite materials are more expensive than metal and require different tools
and processes. The effects of these factors on the cost of manufacturing the
structural elements and the suppression panels are examined in this section. The
same factors affect the cost of making repairs, as does the frequency with which
repairs are required. Some test data leading to design suggestions to minimize

the need for repairs is presented.

10.1 MANUFACTURING COSTS

10.1.1 Primary Structure

Evaluating the labor costs invelved in manufacturing requires identifying the
operations involved and estimating the time required for each. This in turn reguires
& detail design and a definition of each step in the process. As such detail can-
not be obtained for the complete nacelle in a preliminary design study, a represen-
tative set of parts is selected for analysis. The parts chosen comprise most of
the inlet structure and include stiffened skin, built up bulkheads, the attach ring
which is machined from a forging, and the cowl doors which are aluminum-faced
sandwiches in the baseline design. The characteristies of each part are summarized

in Table 1k.

The results of this study are shown in Figure 84 in which the changes in
weight are plotted against the changes in coét produced by changing to composites.
The parts are ranked 1In order of increasing ACosit/AWt ratio and the cumilative
values plotted. All parts yield a weight saving and some a cost saving as well.

In general, those parts which reguire many mechanical fasteners in metal are likely
to be less expensive in composites. Parts for which the cperations are similar
in metal and composites'are more expensive in composites, reflecting the higher
material costs, e.g. the cowl doors which are sandwiches in both materials. By

selecting parts to change, one can minimize manufacturing cost or maximize weight

16-1



COST ANALYSIS

1) Outer Skin
Design #1 present design mede from .06Y4 skin chem-milled to .040.
Four "Z" type aluminum stiffeners, riveted to outer skin.
Design #2 consist of sandwich aluminum core .96 inch thieck with .035 outer
facing and .020 inner facing made of graphite composite.
Study assumes all access door openings and assembly into nacelle comparable.

2) Cowl Doors
Design #1 present design made from honeycomb sandwich with aluminum face skins
and honeycomb core.
Design #2 change face skins to graphite composite of equal thickness as Design #1.
Cost for edge members, access door openings and honeycomb core considered
comparable.

3) Forward Bulkhead
Design #1 consists of four (L) assemblies comprising two (2) ocuter angles made
from aluminum, two (2) inner angles made from titanium, with a titanium web,
four (4) titanium splice plates, and thirty-five (35) hat stiffeners made from
titanium. ‘
Design #2 consists of a .96 HRH 327 3/8 cell honeycomb core with .020 graphite
facings. Four (L) .OL0 graphite angles bonded to honeycomb sandwich. Assumes
one (1) complete assembly.
Attackment of assembly into nacelle comparable.

4)  Engine Attach Ring
Design #1 fabricated from an aluminum forging. Study assumes machining on
vertical turret lathe.
Design #2 fabricated from 30 layers of graphite cloth .010 thick.
Assume lay-up in one piece.

5) Cowl Support Structure
Design #1 two (2) titanium beams (R&L) fabricated from sheet metal bonded and
spotwelded together and riveted to an upper plate. Eight frames for cowl door
attach are riveted to assembly.
Design #2 made from .050 and .030 graphite parts. IEnd supports and attach
fittings not included in this study.

#1 = Baseline

#2 = Composite

TABLE 14
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COST ANALYSIS

Rear Bulkhead

Design #1 fabricated from two (2) webs, twenty-two (22) hat sections, sixteen
(16} "z" stiffeners made of titanium and four (4) coaming angels made from
aluminum.

Design #2 honeycomb sandwich .96 HRH 327 honeycomb 3/8" cell with .020 graphite
face sheets coaming fabricated from .04O thick graphite cloth.
' o

Area between 30°, 07, 330° and epproximately 150° thru 210° and attach points
was not costed.

Transverse Cowl

Design #1 assumed to be made of four (U) assemblies consisting of one (1)
inner and one {1} outer gkin, three (3) sheet metal sections bonded together.
This assembly is riveted to five (5) webs, eight {8) angles and one (1) close
out. :

Design #2 made from one (1) 7" thick piece MRP type honeycomb core with .050
facing skins (graphite) and one (1) close out ribs.

Ingtallaticn of four (4) assemblies considered the same in both designs.

Additional Premizes and Assumptions

e Delta labor costs factored by 1.20 to allow for contingency and scrap.

) Delﬁa material costs factored by 1.35 to allow for contingency and scrap.
e Craphite linear tape estimated $20/1Db.

s Graphite cloth estimated at $23/1b.

e Labor costs for graphite based on ECH data, Material costs based on Pro-
curement tapes and Timet Price List.

e All rosts are rough order of magnitude.

#1

#2

fl

B@§eline
Composite o ’ : - : - o

TABLE 14 (CONTINUED)
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savings. It is concluded that maximum weight savings are possible with no signi-

ficant effect on manufacturing cost.

10.1.2 Supvression Panels

The inlet liners designed for broadband attenuation incorporate two features
that, with present technology, are more costly than the baseline honeycomb core
with perforated face sheets. The "Permoblique" liner, Figure 76, derives its
characteristics, and nasme, from the oblique core membérs; inserting these members
require additional shop operations. Both the oblique‘members and the face sheets
must have high acoustic resistance and linearity for this application and the felted
metal materials with these characteristics are expensive. Tt is estimated that the
basic Permoblique liner without provision for edge attachments would cost $150 per
sguare fobt, about five times the baseline value. The bulk of the increase ia in

material cost.

Sample liners supplied by Woven Structures Division of HITCO have exhibited
the desired resistance and a degree of linearity better than perforates, but not
as good as felted metal. It is anticipated that with a reascnable development
Veffort, liners with the desired characteristics can be available at competitive

prices.

10.2 REPAIR

Major sources of damage requiring repairs in static metal structure are cor-
rogion, fatigue cracks, impact damage from rocks and hail, and accidental damage.
Compositeslshow good resistance to "corrosion,” reaction to chemicals in the air-
craft environment, although ﬁhis remaing to be demonstrated in service. Resistance
to fatigue cracks is also typically good for composites in the laboratory, butb
remsins to be demonstrated in service for the acoustic environment cf the nacelle.
Definitive lsboratory tests for the durability of composites under impact and
accidental damage are more difficult to define, and some published data indicates
censitivity to a number of failure modes. As the static load requirements for the
nacelle result in minimum gages for many members, design for durability becomes
the governing criterion. To ensure that the composite gtructure would attain
" the durability levels of the metal structure, the-panels described. in Figure 85
were subjected to impact tests. Both blunt and sharp objects were dropped through

cardboard tubes to control the impact point. A 1.9 pound steel weight with a nose
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radius of .75 inch was the "blunt” object; a b4 oz screw driver the "sharp'" ohject.

The wooden clamps used to support the panels were set at the length L to rgpresent

the ring spacing anticipated for each panel. The response of the panel is a function
cf its stiffness; lmpacts in the center of a panel are less damaging than impactsclose
to & support. All panels were first subjected to center impacts, the cnly composite

panel undamaged by impacts in the center was subjected to impact at the edge.

The results of the blunt cobject drops are summarized in Figure 86; The ordinate
shows the depth of the local depression at the point of impacts. The aluminum panels
were supported by clamps spaced 20 cm (8 in) apart to simulate the ring spacing. Both
aluminum panels were permanently buckled over the 20 em (8 in) span; and this buckle
was pronounced iﬁ the .6Lkmmpanel. The energy absorbed by forming the large buckle
is believed to account for the smaller local deformation observed in the .64 mm as
compared to the 1 mm. Panel #1 was not perceptibly damaged by the center drops up to
17 ¥m (150 in.1b.) energy. The edge drop of 5.2 Nm (46 in.1b.) left a slight mark,
but no delamination could be detected by a tap test. Higher esnergy edge impacts
produced visible damage and delamination. This panel is shown in Figure 87. All
of the sandwich panels indicated delamination at the 2.6 Nm-(23 in.1b.) impact, but
the damage was difficult to detect visually.

‘The screw driver dropped froem 1.5 m (5 ft) produced slight scratches on the
aluminum panels, and no visible damage on pansl #1. Onthe sandwich panels, the screw
driver penetrated the Tace sheet when dropped frem 1.5 m (5 ft). Dropped from 0.6 m

(2 ft), the screw driver punctured panel #2 and produced scratches on #3 and #h.

The tests indicate thal panels of type #1 are eguivalent to the 1 mm (0.0L0 in)
ajuminum in likelihood of encountering damage that requires repair. The nature of
the damage is'quite different, however. A dent in aluminum is visible but not struc-
turally critical. A local delamination in composites may be difficult to lorate, and
its propensity to spread is unknown at this time. In this respect the sandwich

panels appear to be more sensitive than the solid type.
The tests suggest:
e Panels of type #1 should be used on nacelle outer surfiaces.
e FRapid reliable inspection techniques are reguired.
e Rapid on airplane repair technigues should be available for local damage.

e A fail-safe s-ructure is desirable.

ORIGINAL PaGE 15 1o
* POOR QUALITY |
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SECTION 11

ECONOMIC EVALUATION

The effects on direct operating cost (DOC) and on return on investment (ROI)
are used to evaluate zlternate component designs, nacelle configurations, and
finally to indicate the price of noise reduction. As the application of the
acoustic-composite nacelle to the wide bedy transport is treated ag az producticon
change to an existing airecraft without change to the basic ailrframe,while the ATT
‘application is treated as a design change influencing all components, the costing
techniques differ. This section first presents the techniques and input data used
for each aircraft. The sensitivity of DOC to each of the major design variables
and trade-off relationships which may be used as a basis for design decisions are
derived. The DOC and ROI of the acoustic composite nacelles configured in metal,
in composites, and for maximum fuel saving are then ccmpared with the baseline

value.

The comparisons of DOC and ROI are shown for fuel prices of 3.h44, 6.87, 10.3
and 13.7¢/1liter {13, 26, 39 and 52¢/gallon). The sensitivity factors used for
design decisions are shown for 10.3¢/liter (26¢/gallon) fuel only as this is con-
sidered to be closest to the probable price of fuel in the early 1980's. The cost
factors are shown for both the design range of 5556 km (3000 n mi) and 1852 km
{1000 n mi).

11.1 ANALYSIS METHOD

11.1.1 Basic Caost Data

The cost factors used in the caleculation of DOC are listed in Table 15. These
factors arec obtained from airline experience through the. reported CAB data on wide
body aircraft and the United Airline assessment of the ATT study (Reference 15). The
fifst gtep in derivihg the DOC factors was Lo check the ATA DOC formulas against the
CAB reported data on wide body aireraft. With the application of the factors listed

in Table 15 the cateulatéd DOC for the wide body sircraft comes reasonably close
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DOC COST FACTORS.

CURRENT
WIDEBODY

ATT BASELINE
STANDARD NACELLES)

QUIET NACELLE
ATT

CREW INFLATION RATE
INSURANCE RATE (% OF AIRPLANE PRICE)

DEPRECIATION

11.5% PER YEAR

1%
15 YEAR, 10% RES.

SPARES (% OF AIRFRAME & ENG. PRICE)

FUEL (CENTS/LITER)

— . 10% AIRFRAME,

36% ENG.

(CENTS/GALLON)
UTILIZATION (HRS/YEAR}
5556 km (3000 N.MI.)
1852 km {1000 N.ML.)

MAINTENANCE BURDEN

MAINTENANCE LABOR

MAINTENANCE FACTORS

ENGINE
CYCLE

3.44, 6.87, 10.3,
13.7
13, 26, 39, 52

3285

1.8

$6.00/HOUR

60% OF ATA

HOURLY.

75% OF ATA

AIRFRAME
CYCLE

60% OF ATA

HOURLY

75% OF ATA

TABLE 15

11.5% PER YEAR
0.9%

15 YEAR, 10% RES.

10% AIRFRAME,

' 35% ENG.

3.44, 6.87, 10.3, 13.7
13, 26, 39, 52
-
1.8
$6.00/HOUR

ATA
ATA

120% OF ATA
120% OF ATA

11.5% PER YEAR
0.9%
16 YEAR, 10% RES.

10% AIRFRAME,
35% ENG.

3.44,6.87, 10.3, 13.7
13, 26, 39, 52

3600

3000

1.8
$6.00/HOUR

120% OF ATA
120% OF ATA

120% OF ATA
120% OF ATA



to the reported data. The maintenance adjustment factors for the widebody aircraft
are @& result of an in-house maintenance analysis augmented by maintenance data
received through a maintenance monitoring system established with the airlines. The
maintenance factors are applied to the results as obtained from the standard ATA
maintenance equations to bring the maintenance cost in line with airiine experience.
The primary concern with the ATT configuration, in terms of maintenance, is the
influence of the composites on maintenance techniques, and costs, The recommenda-
tiong of United Airlines ss outlined in the ATT assessment study are used to derlve
the factors shown in Table 17 The baseline ATT has standard nacelles without

the materials for quieting and the maintenance factors are increased to lesser vaiues

than those for the guiet nacelles.

The Indirect Operating Cost (I0C) is calculated by =a éet of equations which
relate the indirect expense of the system to several system parameters. The IoC
model is a culmination of effort by Boeing and Lockheed and is described In Refer-
ence 16. The indirect expense factors that are applied to the system parameter to
arrive at the indirect expense are derived from the indirect expense accounts for
the domestic airlines. The indirect expense factors used in this study are weighted
averages for the eleven domestic airlines. The method for deriving these expense

factors 1is described in Reference 17.
A
The TOC elements, system parameters and expense factors are shown in Table 16.

The return on investment (ROI) is determined by the following formula:

(TOTREV - TOTEXP - INT){1-TAXR) + INT

RoT = RVINV

where:
TOTREV = total revenue
TOTEXF = total expense (DOC + I0C)
INT = interest paid on load (12%)
TAXR =  tax rate (L48%)
BYINV = book value of investment

The amound of interest paid is determined from the debt to equity ratic assumed for
the aifline, (60/40), the interest rate, and the purchase cost for the equipment
plus spares and ground eaquipment. The book wvalue for the investment is defined as
the purchase cost of the investment less the depreciation. The amount of deprecia-

tion Tor each vehicle is determined from the depreciation period and the number of
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1OC ELEMENTS

SYSTEM EXPENSE
LOCAL EXPENSE

AIRCRAFT CONTROL
HOSTESS ACTIVITY

FOOD AND BEVERAGE
PASSENGER SERVICE

CARGO HANDLING

OTHER PASSENGER EXPENSE
OTHER CARGO EXPENSE

G&A

|0C MODEL

SYSTEM PARAMETERS

DIRECT MAINTENANCE LABOR DOLLAR
DEPARTURES & TOGW

DEPARTURES

CABIN CREW BLOCK HOURS
PASSENGER BLOCK HOURS

PER ENPLANED PASSENGER

PER TON OF CARGO

REVENUE PASSENGER MILE

FREIGHT TON MILE

TOTAL OPERATIONS COST
LESS DEPRECIATION & INSURANCE

: TABLE 16 -

_EXPENSE FACTORS

0.5§
1.45
20.0
22.0
0.85
5.0
67.0
0.0045

0.0072

0.055
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COST PREMISES

PRODUCTION COST

MID 1974 DOLLARS
PRODUCTION QUANTITY - 400 AIRPLANES
AVIONICS COST - $600, 000

COMPOS [TE MATERIAL $44. 1/kg ($20/LB)

" OPERATIONS COSTS

DOC - ATA METHOD, AIRLINE DATA, UAL STUDY
|OC - AIRLINE DATA |

TABLE 17



depreciating years as calculated from the delivery schedule and the span of

vears {10) used in the ROI calculation.

The cost premises used are summarized in Table 17.

11.1.2 Widebody Aircraft Cost Inecrements

The DOC increments for the widebody transport are calculated from the incre-
ments in airplane weight, cost, and specific fuel consumption resulting from
nacelle changes as nc adjustments in basic airplane characteristics are considered
for a production change. As changes in airplane weight and drag require corre-
sponding changes in wing, thrust and fuel teo just maintain the design performance,
the procedure used is tantamount to assuming that the aircraft is not operated
exactly at its design point. The assumed condition is representative of practical
operations, since the weight and drag increments being considered are small com-

pared to the total aircraft values.

The elements of the NOC for the two ranges considered are shown in Table 18.
The effect of various fuel prices is also shown. The other elements are not affected
by fuel cost. For each nacelle, the effect of changes in specific fuel consumption
and the change in fuel required by weight changes are both applied to the fuel
cost. Insurance and depreciation are function of cost, and nacelles of conventional
technology are costed a2t $80/1b. Maintenance includes both laber and materials,
Nacelles of comparable material but differing in siZe are charged with maintenance

costs In proportion tec their weight.

The change in RCI is found from the percentage change in DOC by the factors:

Fuel Cost ¢/kg (4/Gal) 3.44 (13) 6.87 (26} 10.3 (39) 13.7 (52)
AROT
ADOCE -0.13 ~0.16 -0.19 -0.22

11.1.3 ATT Alrcraft Cost Inecrements

The effects of alternate nacelles on the DOC and ROT of the ATT aircraft are
calceulated by the Lockheed Advanced Systems Synthesis and Evaluation Techniques
(ASSET)} program. ASSET is a computer program with coupled airplane performance,
weight, engine performance and costing routines. Civen the basic airplane and
engine characteristics and the mission constraints, the program sizes the airplane

to perform the mission and caleculates the airplane component weights, costs, Tuel
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WIDEBODY BASELINE DOC

o $/KM
{$/M0 MT)
RANGE KM (N MI) 5556 (3000) 1852 (1000)
#/LITER 3.4L .87 10.3 13.7 3.Lh .87 10.3 13.7
FUEL cosT ¢/ GAL 13 26 30 52 13 26 39 52
. 369 . .Lo8 -
Crew (.685 (.756)
Fuel L3371 LTh3 1,11k 1.486 .385 LTT70 1.155 1.540
(.688) (1.376) (2.064) (2.752) (.713) (1.426) (2.139) (2.852)
, . 0696 o L0837 -
Insurance (.129) - (.155)
Depreciation (:;g?) — (I:ESS} -
Maintenﬁnce ('2;;) — (’ggg) -
| : ¢
'$/km 1.689 2.060 2,43z 2.803 1.981 2,366 2.751 3.136
Total ($/n mi) (3.128) | (3.816) | (4.so4) | (5.192) | (3.669) | (¥.382) | (5.005) | (5.808)

TABLE 18




consumption, and DOC. The basic data used is tabulated in Tables 19 and 20.

The summary printouts are reproduced in Appendix D.

11.2 DOC SENSITIVITY '

The typical design problem requires achieving a proper balance of such con-
flieting requirements as aerodynamic shape and smoothness, weight, cost, and accessi-
bility. One technique for meking rational choices is to determine the effect of
each parameter on cost and to seek 2 combination that minimizes DOC. The sensitiv-
ities used for this purpose are developed from the DOC calculations and relate
specific fuel consumption (sFc), welight, cost and maintenance to DQOC. The DOC
sensitivities are used to develop the weight-8SFC, weight-cost, and weight mainte-
nance relationships. The range in parameters considered is representative of the
range encountered in the various versions of the mixed flow accustic-composite

nacelle,

Fuel Consumption Sensitivity

The cost of fuel is a major element of the DOC, so the sensitivity of fuel
consumption to changes in weight and SFC is an impertant factor in evaluating various
nacelle configurations. The objective is to obtain sensitivity factors that may be
used in trade-off studies to obviate making a mission analysis for each set of cir-
cumstances. To select suitable sensitivity factors, mission analyses are made for
some of the most likely situations and the effects on fuel evaluated. The situa-
tions considered are:

A: Baseline airplane with a takeoff gross weight (TOGW) of 195,048 kg
(430,000 1b).

B: An increase in SFC of 1% with TOGW held at the baseiine value. The empty
weight is reduced to accommodate the inerease in fuel weight.

C: An increase in SFC of 1% with the empty weight and payload held at the
baseline value. The TOGW is increased to accommodate the increased fuel,
but no provision is made for increased structure or thrust.

D: A reduction in empty weight of 454 kg (1000 1b). The TOQW is reduced
by both the change in empty welght and the change in fuel required.

E: An increase in SFC of 1% combined with an increase in empty weight of
45k kg (1000 1b). The TOGW is increased by the change in empty weight
and by the increased fuel, but no increase in structure or in engine
weight is provided.
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SOCKMERD SPECIFIED DATA - ATT

=T

6-TT

NUMBER OF PASSENGERS
CRUISE MACH NO.
DESIGN RANGE

CRUISE ALTITUDE
TAKEOFF FIELD LENGTH

APPROACH SPEED - MAX LAND WT
APPROACH SPEED - END OF MISSION

MAX TAKEOFF WING LOADING PSF
WING SWEEP 1/4C

WING ASPECT RATIO

CRUISE L/D

STRUCTURE TECHNOLOGY

AERO TECHNGOLOGY

ENGINE

TABLE 19 -

200
.9
5556 km (3000 nm}

10973 m (36000 ft)
12530 m (8300 ft)

74.6 m/sec {145 kts)
69.4 m/sec (135 kts)

659 kg/m2 {135 psf)
36.50
7.6
13.9 -
~-10%
SUPER CRITICAL

STF 433
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MISSION
ENGLISH
SEGMENT Si UNITS UNITS
WARM UP 15 HR
CLivB 129 m/sec TO 3048 m 250 KEAS TO 10,000 FT
ACCELERATETO 154 m/sec TO 3048 m ‘300 KEAS 10,000 FT
CLIMB 154 m/sec TO .9M 300 KEAS TO .9Mm
CLIMB OM TO 10973 m 9M TO 36,000 FT

START CRUISE CLIMB
DESCEND BY REVERSE OF
CLIMB PATH

'LANDING ALLOWANCE

DOMESTIC RESERVES

10973 m

LO5HR 457 m
370 km + .75 hr LOITER

TABLE 20

36,000 FT

.05 HR 1500 FT.
-200 NM + 45 MIN. LOITER




In each case the range is 5556 km (3000 n.mi.), the cruise Mach number is .85,

and a step-climb cruise beginning at 94h9 m (31,000 ft) and ending at 10,668 m

(35,000 ft.) is used. The results are summarized in Table 21.

Considering cases A & B, the sensitivity to a 1% change in SFC is affected by
the gross weight constraints impesed; however, using the nominal value of 1% of the
baseline fuel used, i.e., 490 kg (1080 1b) per 1% change in SFC is reasonably

accurate.

Case D indicates that a LSk kg (1000 1b) decrease in OWE results in a 91 kg
{200 1b) saving in fuel burned. Considering case E in which both OWE and SFC are
increased, the inerease in fuel burned is 658 kg (1450 1b). Charging 490 kg
{1080 1b) of this increase to the SFC change leaves 168 kg (370 1b) to be charged
to the change in OWE. Noting that the fuel sensitivity corresponding to a constant
fuel fraction* is .335 {Awt), which is between the extremes cof éxémples D and E,

sugegests the use of this value feor tradeoffl purposes.

The DOC vs SFC and DOC ve weight sensitivities plotted in Figure 88 are based
on the sensitivities:
A Fuel %

SFC: ?:?ﬁﬁf_jﬁ = 1

. . A Fuel _ .
Weight: e = .335

ARTFC vs DOC = The SFC for the optimired mixer, smooth walls, and advantageous
cruise power could decrease 3% from the baseline value. At 6.87¢/1liter (26¢/gal)
the fuel cost is 0.743$/km ($1.376/n mi); and the possible change is .0223 $/km
(0.04128%/n mi) which is 1.082% of the baseline value.

AWeight. vs DOC - The weight increment per girplane is approximately 1361 kg

(3000 1lbs) for a metal version of the mixed flow nacelle. The increment in DOC due

to the fuel required to carry this weight is 0.006893%3/kg (0.012759%/n mi).

el -burned - . . L. . -
TOGW-Fuel burned

*Fuel fraction

48, 989 -

195 .0L8-18.559 -335
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LOCKHEED FUEL SENSITIVITY
RANGE 5556 km (3000 nm)} M .85 CRUISE
A B C D E
AIRCRAFT BASE +1% SFC +1%SFC | 454kg | +1%SFC
LINE CONSTANT CONSTANT | {-10001b)| +454 kg
TOGW OWE OWE - (1000 Ib)
OWE
TOGW kg 195,048 195,048 195,683 194,481 196,273
ib 430,000 430,000 431,400 428750 432,700
OWE kg 108,364 108,365 108,864 108410 | 109318
Ib 240,000 238,900 240,000 239,000 241,000
PAYLOAD kg 28,214 28,214 28214 28214 | 28214
Ib 62,200 62,200 62,200 62,200 62,200
RESERVE FUEL kg 8,981 9,027 9,072 8,959 9,095
Ib 19,800 19,900 20,000 19,750 20,050
FUEL BURNED kg 48,989 49,443 49533 48,898 49,647
ib 108,000 109,000 109,200 107,800 109,450
AFUEL BURNED kg 0 +454 + b44 - 91 + 658
RE BASELINE b 0 +1000 +1200 -200 +1450

TABLE 21
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DOC SENSITIVITY
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SFC

1.0 -
WEIGHT
FUEL & MAINT.
B +COST
oL RANGE gggg :m f~— MAINTENANCE
DOC - ) ‘
o FUEL 6.7 C/LITER
WEIGHT
ab FUEL ONLY
MAINTENANCE
i WT ONLY
cosT
__2 -
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__.6-
-8l
-0}
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This is 0.3343% for 1361 kg (3000 ibs.)

If the weight increment is due to change in size rather than a change in teche
nclogy, the increased size incurs additional costs. At an average cocst for conven-
ticnal structure of $176/kg ($80/1b), the changes in depreciation and insurance for

an incresase in size of 3000 1bs ave:

0.00518%/km (0.0096$/n mi)

Depreciation ADOC

i

Insurance ADOC 0.0007%0$/kn {G,00137$/n mi)

TOTAL = 0.00592%/kxm (0.01097%/n mi)
0.01097 ~
ADOC 4 =T x 100 = 0.2874

AMaintenance ve DOC - A change in size with no change in technology incurs

changes in both maintenance labor and material. Using the 1361 kg (3000-1b) weight
increments as a possible excursion and $176/kg ($80/1b) as the cost basis to which

the DOC calculations are related:

DOC due to maintenance labor 0.00269%/km (0.00498%/n mi)

DOC due to material 0.00259%/km (G.00LBS/n mi)

f

TOTAL 0.005285/km (0.00978%/n mi)

which is 0.2563% of the DOC at a fuel price of 6.87¢/liter (26¢/gal)

A gimilar caleculation using the baseline nacelle welight per airplane of
3643 kg (8030 1b) gives the total maintenance charged to the nacelles as .686%.
This sensitivity is plotted against per cent in Figure 88 with an excursion from

-50% (halving maintenance) to +100% (doubling maintenance).

ACost vs DOQ - A 20% reduction in cost by the use of compesites has been

reported in other studies. Using this 20% as a possible excursion and applying it
to a cost of $640,000 per ship set, the depreciation and insurance components of

DOC are affected by:

ADepreciation = 0.00276$/kn (0.00512%n mi)

Alnsurance = 0.000394$/km (0.0007296%/n mi}

Total = 0.00316$/1m (0.0058496$/n mi)

it

This is 0.1533% € 6.87 ¢/liter (26¢/gallon)

At $176/kg($80/1b,) a 204 change corresponds to a $35.3/kg ($16/1b) change in.cost.

1i-14



Increase in Size vs DOC - An increase in size without a change in technology

affects DOC through changes in fuel, cost, and maintenance as calculated above.
ADOC due to size = 0.3343 + 0.287h + 0.2563 = 0.876%

Design Trades - Tradeoffs between weight, SFC, cost, and maintenance cost

are plotted on Figure 89. The trade data are obtained by cross plotting the
sensitivities of Figure 88. Only the cost of the fuel used to carry the weight
is included, as the purpose is to evaluate alternate materials without changing

configuration.

11.2.1 ATT Sensitivities

The sensitivity of ATT direct operating cost to variaticons in weight, cost,
and SFC are determined by running the ASSET program for the baseline with incre-

ment changes in each parameter. This calculation gives:

ADOC %

AT 0.0003266% per kg (0.72% per 1000 1b weight change)

]

ADOC %
A%

0.0033% per $1000 cost change

ADOC %

ASTC = 1.8% per % SFC change

To illustrate the affect of resizing the airplane to meet the design point, the
corresponding weight sensitivity for the wide-body from Table 20 isg 0.29% DOC

for a 1000 lb weight change. The ratio of 0.72/0.29 reflects a "growth factor" of
approximately 2.5.

11.3 COMPLETE NACELLE IMPACT ON DOC AND ROI

11.3.1 Wide Body Nacelles

The total impact of applying composite structures, of reducing noisé, and of
gelecting features to minimize fuel consumption are evaluated by calculating the

DOC and ROI for each of five configuraticns:

# DPaseline - metal structure
e DBaseline configuration - composite structure

e Mixed flow - metal structure
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e Mixed flow - composite
e Minimum fuel

The minimum fuel configuration subordinates noise reduction to minimizing fuel
consumption by using the standard length inlet and omitting any acoustic trestment
that is not as smooth as a hardwall duct. The high resistance facings used in the
cool ducts are smooth, but the mixer and nozzle treatments in the hot regions require
perforates, and these perforates are replaced by hard walls for the minimum fuel
configuration. The perforated treatment on the center body are retained as the loss

is negligible and turbine noise suppression is degired.

The DOC model used in the ASSET model recognizes the influence of airplane
size on operating cost by relating maintenance labor to airplane welght and meinte-
nance material costs to airplane costs, In comparing the larger mixed flow metal
nacelle to the metal baseline, the larger nacelle presents more area to inspect,
moere potential trouble spots, and therefore greater maintenance costs. The stan-
dard DOC model is, therefore, used to evaluate these costs. In comparing the com-
posite versions of the baseline and mixed flow nacelles with their metal counter—
parts, however, the nacelle geometry is not changed and composite design details
are chosen to preserve the metal standards of durability and accessibility; therefore,
the maintenance costs are not changed. The producibility studies indiecate that for
a broad application of composites the net effect on costs is small, so both metal
and composite nacelles are priced at the same cost per pound ($80). As the com-
posite nacelles are lighter, the production cost is lower at the same cost per
pound. The characteristics of each nacelie relative to the baseline and to each
other are suhmarized in Table 22; .The increment in DOC and the % change from the
baseline area summarized in Table 23 for each configuration., The effects of thege
cost changes on return on investment are summarized in Table 24. The effect of

fuel cost is shown on Figure 90,

11.3.2 ATT Nacelles

The effects of the preliminary design nacelle on the direct operating cost and
return on investment of the advanced technology transport are determined by resizing
the baseline aircraft to account for the changes in specific fuel consumption and
nacelle weight. These calculations are performed by the ASSET program described
earlier in this section and the summary printouts are collected in Appendix D. The

basic inputs and results are summarized in Table 25.
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LOCKHEED

CALIFORMIA COMPANY

_WIDEBODY NACELLES FOR COST COMPARISON

AWT
PER ATRPLANE ASFC ACOST
CONFIGURATION KG (ILB) yA $

Base~Composite ~-538.4 (-1187) 0 -9k 960 Same size as base. ADOC
due to fuel saved. ACost based
or same $/1b, 15% Wt saved.

Mixed-Metal 1422 (+3135) -.70% +250,800 Wt due to size increase. ADOC
inelude: Puel, Maint., Cost

Mixed Composite 694 {+1530) -.70" +122,400 Wt is 728 kg (1605) less than mix
metal. ACost is mix metal Acost
less 1605 x 80 = $128,L00.

Minimum Fuel 395 (+871) ~1.2 69,680 Wt is 299 kg (659 1b) less than

mix-composite. ACost is mix-
compcsite Acost less 659 x 80 =

$52,720

*Smooth fan duct, perforate tail pipe
#¥8mooth duct and tail pipe

TABLE 22




6T-TT

LOCKHEED

CALIFOANIA COMPANY

WIDE-BODY DIRECT

DOC IN &/KM (3/uM)

3.4

OPERATING
- COST SUMMARY

FUEL ¢/LITER 6.87 10.3 13.7
COST ¢/GAL 13 26 39 52
RANCE 5556 KM (3000 NM)
Baseline DeC1.689(3.128) 2.060(3.816) 2.432(% . 50k) 2.803(5.192)
Base Config ADOC|-.00367(-.0068) -.00502(~.0093) -.00637(-.0118)| -.0077T7(-.01L4)
Composite % —.217h —.2h37 -.2620 -.2773.
Mixed Flow ADOC|.0127(.0235) .0137(.0253) .0146(.0271) .0157(.029)
Metal % L7500 L6630 L6020 .5590
Mixed Flow ADOC .COTT7(.01k3) L0068(. 0127 .0060(.0111) .0052(.0096)
Composite % 572 .3328 .2LeL .1848
Min. ADOC| .0037(.0070) +.0003(+.0006) | -.0023{-.0058) | -.0065(-.0121)
Fuel % 227 +.016 -.129 .233
RANGE 1852 KM (1000 .M}

Baseline DOG]1.981(3.6690) 2.366(0 . 3820) 2.751(5.095) 3.1361(5.8080)
Base Config ADOC|-.0037(-.0070) | =.0052(=.0097) | -.0067{-.012L) | -, 0081(-.0150)
Composite A -.1908 ~.221) -. 2434 -.2583
Mixed Flow ADOCL.0128(.0237) .0139(.0258) L0151(.0279) L0162(.,0300)
Metal % LBh50 .5888 L5476 L5165
Mixed Flow ADOC|.007T7(.01L3) .0069(.0127) L0060(.0112) L0052(.0097)
Composite % .3898 .2898 L2198 L1670
Min ADOC| .0032(.0068) +.0001(+.0002) | -.0034(-,006L) | -.0069( -.013 )
Fuel % .1853 .0046 -.1256 -.2238

TABLE 23




LOCKHEED

AAAAAAAAAAAAAAAAA

ECONOMIC EFFECT

RANGE 5556 km (3000 NM) — FUEL @ 6.9 ¢/LITER (26 ¢/GAL)

BASELINE EPNL FAR 36—-4dB
WIDE BODY

CHANGE FROM METAL BASELINE

Ca~TT

CONFIGURATION BASELINE MINIMUM MiX MIX
FUEL FLOW FLOW
MATERTAL COMP COMP COMP METAL
EPNLAdB 0 -2 -6 -6
SFC % 0 -1.2 -0.70 -0.70
kg -538 395 694 1422
NACELLE WEIGHT/AIRPLANE LB -1187 871 1530 3135 .
FUEL FLOW % -0.35 -0.94 -0.25 +0. 23
$/km -0.0050 -0. 00032 0. 00686 0.0136
DIRECT OPERATING COST $/NM____ -0.0093 +0. 0006 - 0.0127 0 0253
DIRECT OPERATING COST % -0.244 +0. 016 0.333 0.663
RETURN ON INVESTMENT A % 0.0390 -0. 0025 ~0. 0532 -0. 1061

TABLE 24
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LOCKHEED

CALIFORNIA COMPBAMY

ADOC

DIRECT OPERATING COST - W1DE-BODY

55656 km (3000 NM) RANGE

MIX FLOW
METAL

MIX FLOW
COMPOSITE
FAR 36-10dB
MINIMUM
FUEL
15 ¢/LITER
: Y
10 60 ¢/GAL
FUEL PRICE
COMPOSITE FAR 36-4dB FAR 36-6dB
BASELINE \

FIGURE90
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LOCKHEED
(-} QRN oOMPANY

ALIFORMIA ©

EFFECT ON COST & RETURN ON INVESTMENT - ATT
\ RANGE 3000 NM  FUEL @ 26 ¢/GAL

CHANGE FROM

BASELINE
SPECIFIC FUEL CONSUMPTION 1.7%
NACELLE WE [GHT PER AIRPLANE 708 kg(1561 LB)
AIRPLANE GROSS WEIGHT 3010 kg(6635 LB)
DIRECT OPERATING COST _0.033%/kg(0. 062 $/NM)
DIRECT OPERATING COST 2. 0%
RETURN ON INVESTMENT ( A %) -0.38%

TABLE 25



SECTION 12

TECHNICAL DEVELOPMENT

The technology developments required to provide a firm basis for the ihitiation
of production designs realizing the cost, fuel and ncise reductions indicated above
consist of refinements and extensions of the present state of the art in acoustics,
propulsion and structural areas. Neither breakthroughs nor fundamental research

is required. The specific items requiring further development are discussed below.

12,1 ACOUSTICS TECHNICAL DEVELOPMENT REQUIREMENTS

The specific noise reduction analyses and tests that should be performed
hefore finalizing the production acoustic-composite nacelle designs for the wide-
body and ATT airecraft include consideration of fan inlet, fan duct and turbine

noise.

12.1.1 Fan Inlet Ncise

The recommended acoustical treatment is a deep broadband liner with a linear
facing sheet and a resistance of approximately 5 pc. The present analysis of this

treatment has the fellowing uncertalnties:

1. A liner with the noted chearacteristics has not been experimentally
demcnstrated.

5, If the recommended acoustical treatment liner incorporating the best linear
material {fine fibered felt metal) performs satisfactorily in an experi-
mental demonstration, then it is highly desirable to demonstrate whether
a more practical material (woven non-metallic fiber) of somewhat less
linearity can give satisfactory performance at less welght.

3. The recommended inlet liner is based on a sclution to the convected wave
equation which does not include the presence of sheared flow. However,
a very recent extension of the associated computer program to include
boundary layer effects indicates that when the ncise atienuation is
averaged over all modes (on an equipartition of energy basis) the optimum
impedance is only slightly less than that predicted for a zero thickness
boundary layer.

ORIGINAL PAGE IS
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6.

The

formance

1.

Hard to sttenuate {low order) modes may be present. Such modes were con-
sidered but not included in the mathematical model.

Effect of grazing a flow on acoustical impedance of high resistance liners
may differ from that predicted.

Contamination by dust, ¢il, etec, may modify the acoustical impedance.

following are the actions recommended to reduce the noted acoustical per-

risks.

An item of first priority is to demonstrate that an engine inlet liner of
the type recommended (with the most linear facing sheet material avail-
able) will perform as predicted. The experimental test facility must

make provisions for eliminating the distortion noise problems that

are present with static engine tests. Possible means are indicated

in paragraph 12.1.1.1.

Flow bench tests are adequate for determining linearity per se, but what
must be determined for non-metallic liners is the amount of deviation
from linearity which can be tolerated. This can be done only by perform-
ing tests such as indicated in (1) and peseibly evaluating woven material
cf differing porosity.

Analiytical work on sheared flow should continue but experimental demon-
strations should also be condueted. For more fundamental studies, a mode
synthesizer could be employed to examine hehavicr of individual modes as a
function of bhoundary layer thickness. Experiments of greatest practical
value would employ a scaled model fan or full-scale engine with static test
effects removed. A long experimental inlet should be used. Boundary layer
at the liner Tace can be varied by locating an inlet liner segment (which
is perhaps 1/4 as long as total inlet length) at various axial positions.
Other possibilities for varying boundary layer depth include upstream wall
roughening with grit or using boundsry layer bleed.

Analytical studies should continue with the goal of estimating the strength
of various modes excited by blade/vane interactions. Model studies, such
as described in paragraph 12.1.1.1 should be performed to verify predicticns.

Grazing flow effects can be investigated by using flow duct facility and
impedance tube tests. Studies of this type have been in progress at Calac
for several years. The approach involves first measuring the acoustical
impedance of materialg with standing wave apparatug and a flow bench, and
then predicting the performance in a flow duct by wave eguation solution.
Compariscons between low duet measurements and predictions provide & means
for determining grazing flow effects on impedance (see Appendix B).

Contamination effects can be besl evaluated by testing material in the
intended service environmment. It is, of course, possible to subject
materials to dirty environments in the laboratory, evaluate, clean,
evaluate, but correlation with service conditions is difficult.
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12.1.1.1 Inlet Noise Suppression Validation Tests

A common reguirement for most of the studies recommended for development and
evaluation of the proposed inlet noise suppression systems is that the experimental
approach be designed to produce the types of noise sources that occur during f1ight
and to aveid fhe introduction of spurious sources asscclated with static testing.
The importahce of this requirement can hardly be over emphasized. Virtually all
previously conducted guiet nacelle programs have failed to accomplish an adequate
simulation of the aercdynamic and acoustical conditions that exist in flight. As a

result the usefulness of the test results has beeh seriously diminished.

A consideration of current and projected state of the art in providing the
required experimental capability and of the potential costs involved has led o
the recommendation of a two phase program, designed to provide a validation of the
inlet suppression concept that has evelved from this study. TPhase T would involve
the use of a scale model powered nacelle installed in the test secﬁion ol the
Acoustic Research Tunnel (ART) at the United Alrcraft Research Laboratories, This
will provide, at very low cost, s means for simulating the in-flight environment.
These test results can be used to validate the analytical approach developed at
Pratt and Whitney for predicting thce strength of various important duvuct modes.
Fﬁrthermore, it will be possible to introduce scale model linings in the flow
passage(s) of the model nacelle. These linings will provide linear performance,

a broadband absorption characteristic, and can be tailored to provide the required
registive and reactive impedance. Confidence in the succesaful application of
scaled linings to the model nacelle is based on their use in many previous scale

model studies at Lockheed where the requirements were similar.

At the successful completion of Phase I, a full-scale experimental program,

based on a survey of potential approaches will be initiated.

A detailed discussion of the studies recommended {ollows.

Phase I - Scale Model Study

The analyticgl acoustic treatment medels developed at Tockheed-California
indicate that, in general, higher order circumferential modes are more efficiently
attenustéd than low order modes. Preliminary interaction tone noise generation
studies at P&W Aircraft, however, demonstrate that changing the numbers of blades

and vanes in a fan design (so as to increase the order of the circumferential modes)
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can significantly alter the level of generated ncise. It is very desirable, there-
fore, to combine the two analyses so that the most effective fan and nacelle system

can be designed that wlll achieve low noise goals.,

In order to achieve a reliable combined model, the component parts of the
model reed to be further improved and experimentally validated., We are proposing
that the existing twe dimensional interaction tone noise generation analysis be
extended to three dimensicnal, cylindrical geometries. In this way, more accurate
estimates of the accustic energy in the propagating circumferential and radial duct
modes would be obtained, The analysis should alsc be extended to consider noise
generation in multistage fans by incorporating the effects of acoustic transmission
ioss thrcugh the various blade rows, using one of the current simplified analytical
propagation models. Although, in theory, these models wouid not be expected to‘be
accurate in the range of wave lengths asscciated with interaction tone noise prop-
agation, they do appear to give reasonable results when compared to the more

complicated analyses.

1% 1s reccmmended that the analytical model be checked out using a powered
nacelle model in the Acoustic Research Tunnel (ART) at the United Aircraft Research
Laboratories. This model has a design tip speed and pressure ratio typical of modern
high bypass ratioc turbofan engines. The fan noise generated by this model is
similar to that generated by full scale engines and when run in the ART allows
operation in a simulated flight environment free from distortions that normally
exist during static testing. It is recommended that a new nacelle moedel (currently
being designed and fabricated) be used to check the noise genergtion model. This
new nacelle model features the capability of changing vane number and robtor-stator
axial spacing. Thus the predicted effects of changing the lobe number of a pro-

pagating circumferential mode can be checked cut experimentally.

Lockheed refined its analytical acoustic treatment model to allow for the inlet
boundary layer effects just prior to the publication of this report. The resulting
predictions can be checked out by designing acoustic treatment for the specific
model structure of the powered nacelle. BSuitable check ocut testing can be accom~
plished in the UARL ART after installing the acoustic treatment in the powered
hacelie model. To do this requires an ability to scale acoustic treatment by

Tactors on the order of 25:1.

10-4



Previous experience at Tockheed in the fabrication and use of scale model
iiners provides a high level of confidence in their application to this require-
ment. In designing and building such liners, it is necessary that the acoustical
resistive impedance be the same as that of the full scale liner. Fine pored,
chemically reticulated, urethane foam is particularly useful for the construction
of model liners. This material can be readily molded into complex shapes by heating
a preshaped blank constrainsd in a mold, Local acoustical resistance and reactance

are controlled to their prescribed values by local thickness and density.

These techniques are well established at Lockheed. For exampie, the experi-
mental liners employed for evaluating the performance of the Zeno ducts shown in
Figure 6-36 were of the above type. In this particular application the resistive
impedance was held at the desired value of pc even though the liner depth varied.
Tn its compressed state, the foam is tough and leathery, can be readily bonded to
rigid materials and its dimensional control i1s a function of constraining mecld

tolerances. The surface is fine textured and smocth.

After the generation and acoustical treatment models have been improved and
experimentally evaluated, any necessary modirications to the analytical models can
be carried out. The two models will then bz ccombined to form a complete Tan and
nacelle design procedure. The combined design procedure can then be used to conduct
parametric studies to define general fan and nacelle design criteria and alsc to
determine an optimum low noise configuration for the powered nacelle within perfor-
mance and structural limitations. Thisg optimum configuration can be checked cut as

before in the UARL Accustic Research Tunnel.

Phase II - Pull Scale Study

Following completion of the scaled model study, a full scale test progranm
should be undertaken for the purpose of demonstrating the acoustical performance
of an approximately "matched" fan/treated nacelle combination derived from the
scaled model program. As with scale model studies, the key regquirement of such an
experimental program is the satisfactory removal of the spurious nolise generating
mechanism normally asscociated with static testing which include distortions
) gtt;ibuted to ghanges in the boundary layer at the fan inlet face, ingestion of

the ground vortex, and atmospheric turbulence.

A number of approaches have been employed or attempted as means for avoiding

these problems. The most straightforward is probably an airplane flyover test.
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However, this approach is expensive and not well suited for diagnostic work due to
"non-stationary” problems and anomalous atmospheric effects. Another method
invelves the use of a Clying test bed with the microphones located within the fiow
passage or at suitable locations on the airplane external structure. The forward
flight environment has also been prcduced by fast taxying. The use of wind tunnels
for producing relative airflow is a possibility but is prcbably limited to noise
measurements within the duct due to "signal-to-noise" problems unless special means
are employed for reducing background noise. This is a practical possibility only

in facilities designed for noise testing,

Although all of the above methods (singly or in combination) should be consid—
ered as candidates for providing a "full scale" validation of the noise reduction
achieved, there is yet another approsch currently under development at Rolls-Royce

which shows considerable promise.

This method, which is described by TLowrie in Reference 13, is based on the
premise that the static simulaticn of in-flight tone generation requires the
following: (1) an adequate reduction in the level of atmospheric turbulence,

(2} control of the boundary layer and mean flow conditions, and (3) the production
ol the (in—flight) Mach number gradient field in the vicinity of the fan and inlet.
The latter two requirements have been attained at Rolls-Royce with the development
of a "flight-simulation-flare" on the inlet. Studies devoted to the elimination of
the remaining problem (atmospheric turbulence} are continuing, The benefits derivegd
from "conditioning" the air flow and passing the air through a gauze screen have
been encouraging and the author concludes that "straight-forward development of
technigues already tried will lead to acceptable means of simulating in-flight tone

ncise generation on static tests."

On the basis of the above considerations, it would appear desirable to review
the state of the art in large scale testing at the completion of the scaled model
study and select the most promising approach at that time for the Phase TT engine

test program.

12.1.2 ¥an Duct Noise

The recommended acoustical treatment is a simple single layer liner with per-
forate or equivalent woven material. The accustical performance risk for the
RB.211-22B mixed flow exhaust engine and nacelle is low due to the large available

noise ireatment area. The ATT installation may be slightly higher in acoustical
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performance risk than the wide-body installation due to the proporticnately smaller
area available for acoustic treatment. On the basis of unpublished experimental
studies on flow generated noise which became available just prior to publicaticn of
this report, it now appears that this source of noise does not make a significant

contribution to the total noise radisted from the fan duct.

12.1.3 Turbine Noise

The recommended acoustical treatment is a simple single layer, tapered depth
liner on the engine exhaust mixer chutes. Although the achieved noise reduction
derived from the analytical model is adequate, the validity of the model is in
guestion due to the complex gecmetry of the exhaust flow mixer. Space for acoustical
treatment is very limited. The possibility exists that the turbine cutlet duct will
have to be extended upstream of the mixer to provide additional treatment area. Due
to the more simple geometry of the ATT tallpipe section, the turbine noise suppres-
sion problem is more amendable to acoustic treatment than the mixed flow nozzle.

Scale model tail pipe tests for checking the analytical model are recommended.

17.1.3.1 Scale Model Tall Pipe Tests

The analysis of acoustically lined ducts by wave equation theory i1s presently
limited to only the simplest of geometric cases., TFor the many cases where the
gecmetry 1s too complex, the testing of acoustically scaled models is often a very

useful substitute.

The fluted mixing tail pipe, acoustically treated to attenuate the turbine
noise, is an excellent example of such a complex structure. When treated with a
liner having a tapered alrspace depth, the similarity to a simple rectangular “%eno
duet is obvious. The only analysis of the mixing duct that is possible is by
analogy to the much simpler rectangular case, Since this component of the engine
attenuztion system is gquite important, scaled model tests are required in order to

verify the analogy and modify it as needed.

The success of the acoustical scaling of the absorptive structures depends
critically upcn the case with which the boundary impedance ig scaled. The general

procedures for febricating model liners.have been discussed in Paragraph_l?.l.h.
The following scale model tests are proposed:
i. Design and construct one acoustically treated lobed mixing nozzle and one

equivalent Zeno duct. Both are to be designed and built to the same scale
factor {of the order of % to ).
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2. Test both models using a broadband noise and a range of flow velocities,
These tests can be performed in the gquiet jet facility located in an
anechoic chamber at the Lockheed acoustic laboratory. Measurements will
include acoustic-power-level insertion loss and directivity.

3. Data will be interpreted in terms of the theoretical prediction of
rectangular duct results and the correlation vetween rectangular and
lobad duct results, the end objective being the attainment of a means
for predicting the attenuation of a lobed mixing duct with tapered
linings.

12.2 PROPULSION TECENICAL DEVELOPMENT REQUIREMENTS

It is likely that any application of the acoustic—-composite nacelle to current
aiverafi will be configured with a mixed flow exhaust system. The reasons for this
are related to the need to recover the losses in engine performance which result
from the instaliation of acoustic treatment. Initial estimates have shown that by
mixing the hot and cold streams on a turbofan engine, performance improvements of
at least the magnitude of the acoustic suppression treatment losses can be achieved
with only a small increase in nacelle welght relative to the typical acoustically
treated long cowl nacelle. For this reason it appears that investigation of the
application of Lhe mixed flow concept to the current family of high bypass ratio

engines would be of significant interest and importance.

The investigation would involve tradeoffs between engine cycle parameters, mix-
ing efficiency, mixing length, internal losses, noise, external drag, and system
welght to yield an optimum mixed flow exhaust system from an energy conservaticn
point of view. As an example, initial studies have shown that the maximum gain of
mixed flow exhaust systems, when applied to the current family of high bypess ratic
engines, tends to occur at the maximum cruise thrust, On the other hand, experience
indicates that the average cruise thrust during airline cperational service is of
the order of 15 to 20 percent below the maximum cruise thrust. Therefore, in crder
to make practical use of the full mixed flow exhaust fuel savings potential it will
be necessary to determine what practical modifications could be made to the current
high bypass ratio engines to make these engines more compatible with mixed flow

exhaust systems at representative part power cruise thrust levels.

A recommended program to identify the optimum mixed flow exhaust system for
current (or growth) versions of the wide-body high bypass ratio engines is outlined

in the following section,
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12.2.1 Recommended Propulsicn Research and Test Frogram

PHASE T

Conduct analytical systems studies; in combination with an appropriate engine
manufzeturer, to identify the-configuration of mixed flow exhaust systém which will
provide the best combined acousties and fuel savings performance. These studies
would use existing analytical methods to conduct tradecffs between engine cycle
parameters, mixing efficlency, mixing length, system weight, engine design changes,
performance, and accustics improvements, This analysis would identify (1) the
optimum mixed flow exhaust system, (2) necessary component tests to be conducted
prior to production go ahead, and (3) engine modifications necessary to fully

realize the mixed flow exhaust system performance.

PHASE TI

Conduct testing of the optimum mixed flow exhaust system identified in Phase I,
This would include testing a scale madel baseline configuration to confirm Lhe net
mixing gain. In addition, & systematic variation of key geometric and flow param-
eters around the baseline would be tested., Also a back-to-back test with & three-
quarter cowl separate exhaust model would be conducted to confirm the calculated
performance incremental improvement between configurations. These would be static
(Mach 0) tests in an altitude facility and, again, would be conducted Jointly with

an engine manufacturer.

PHASE II1

Conduct full scale engine tests on a sea level static test bed and in an alti-
tude facility to obtain quantitative performance data prior to formulation of engine
and alrcraft firm performance. The full scale test phase would be primarily the
responsibility of the engine manufacturer. Inasmuch as the design and analytical
effort by this time is primarily application-oriented and unique Lo the particular
engine and airframe, this phase would properly be funded by industry rather than

NASA.

12.3% STRUCTURES TECHNICAL DEVELOPMENT - REQUIREMENTS

A number of composite development and flight demonstration programs are actlive
and will provide data helpful to the nacelle program. The nacelle application,

however, presents some unigue problems. The acoustic environment is more severe
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than that of any other part of the airplane; this, coupled with the lightly loaded
baslic structure, makes the nacelle vulnerable to acoustic fatigue problems. The
design of noise suppression panels imposes geometric and material constraints on the
structural design that are not found elsewhere in the airplane. Some parts are
exposed to higher temperatures than any other structural components, and some serve

as firewalls.

The technclogy development required for the application of composites to pro-
duction nacelle fall into three areas. The first is attaining experience necessary
to provide the necessary confidence in the durability of the materials in the nacelle
environment. The second is the development of efficient manufacturing techniques
for the many complex parts that comprise the nacelle structure and its mechanisms,
and the third is the reduction of cost of the basic material and its processing.
Material costs are expected to come down as usage increases and some dramatic re-
ductions in the cost of both graphite and boron fibers may be possible by break-
throughs in the precursers and processing employed in producing the basic fiber.

However, neither of these are considered in this study.

Therefore, the technology development program for application of compeosites
to nacelle design is tailcred to obtain data peculiar to nacelle structures that
will supplement but not duplicate the data being obtained in the basic airframe

structure programs.

12.3.1 Acoustic/Conmposite Structures Service Life Tests

Ubjective: To assess the service life of typical acoustic composite struc-

tures in a nacelle under airline service conditiocns.

Scope: Service characteristics will be monitored for a period of 3 years prior
to producticn incorperation, and for 7 years thereafter, with special emphasis on
exposure to the elements, operational hazards, operation loads, inspectability,

maintainability, and acoustic performance.

Approach: One L-1011 inlet lower acoustic panel, cne inlet upper outer skin,
and one inlet lower ocuter skin will be fabricated from advanced composite materials.
Following laboratory qualification tests, the composite items will be installed in
sclected production alrplanes with the concurrence of participating airlines for
service evaluation. These items have been selected on the basis of ease of substi-
tution of composite for metal; accessibility for inspection and'maintenance, and

representativeness of the key critical design considerations unique to
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naceiles. The inlet acoustic panel is designed for 350 K in normal operation. The
acoustic facing sheet may be a high resistance linear woven graphite/Kevlar/polyimide
structure newly developed for this application. A lower acoustic panel is selected
as more critical for durability than an upper panel owing to susceptibility to impact
from falling objects, foot pressure, and scuffing during maintenance operations. The
inlet lower outer skin is selected becsuse it is close to the ground and is therefore
most susceptible to impact from ground objects. The inlet upper outer skin is se-
lected because of susceptibility to impact from falling objects znd work stands,

body pressure, scuffing, ete. during maintenance operations. Taken together, these
three assemblies typify the most critical materials applications for composites on

an engine nacelle.

Results and Potential RBenefits: By assessing the application of acoustic/

composite structures in a nacelle over a period of several years in actual airline
service, the effects of sonic fatigue, weathering, foreign object impact, and mis-
cellanecus hangsar mishaps will become better know. Tests will be performed period-
ically to determine degradation of acoustic performance with time, if any. Addi-
tionally, special inspection techniques and rapid field repair techniques will be
developed to maintain the customarily required high fleet utilization rates with the

new acoustic/composite nacelles.

12,4  MANUFACTURING TECHNTCAL DEVELOPMENT REQUIREMENTS

In sddition to a development program for developing confidence in the airline
serviée snitability and durability of composite structures and materials for
application to acoustic-composite nacelles as indicated in Section 12.3; a modest
amount of work in composite materials research and development should be programmed
specifically oriented toward the acoustic—composite nacelle, Such programs would
primarily address fabricaticn methods and cost reduction. The impact of this devel-
opment work on the anticipated weight saving is shown in Figure 91 which reflects

the weight data of Section 9.

Several graphite and boron manufacturing'techniques require further develop-
ment vefore they can be economically used for the production of the various con-

__ponents of the nacelle. The presence. of numerous doors for access and inspection
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and the need for the thrust reverser involving actuators and translating cowl
results in a large portion of nacelle weight being devoted to mechanical Items
such as links, hinges, latches, actuator supports, and blocker doors. The tech-
niques developed in some experimental programs in which landing gear parts were
manufactured of composites is applicable to many of these parts. But as yet, the
application of chopped fiber moldings or chorped fiber moldings reinforced with
tape requifes the use of -expensive steel dies and several separate operaltlions to
produce the final part, resulting in a high fabrication cost and a high tooling
cost. An econcmical technique for fabricating such parts would be beneficial to

the nacelle development as well as other components.

The tooling and processing techniques for producing the complex integral
structures typified by the thrust reverser support-nozzle assembly require further
development. Some of the major problems invelved are the design of joints at the
ring-beam intersections, developing the cure cycle for assemblies containing both
thin and thick members, and dimensional’control of large three-dimensional struc-
tures. A progressive development program attacking each problem area with sub-

component test specimens and culminating in a complete structure for static and

fatigue tests 1s suggested.

A number of resins have heen develcoped which have useful propertles up to
600°F. To date, however, these resins are relatively difficult %o process, requir-
ing a very close control to produce void-free parts. Turther development of these

materials and of the processes reguired to use them is recommended.

The rear bulk head, fire wall, and the cowl doors must be fire proof. This
involves a 15-minute exposure of 2000°F flames. For this occasional exposure,
intumescent coatings might be used in conjunction with the epoxy or pelyimide
resins. As this potential weight saving is a small part of the total potential

saving, this is recommended as a low priority development.

A great portion of the nacelle weight is involved in those parts subjected to
continuous operating temperatures of over 1000° such as a nozzle and mixer chute.
Crganic matrices seem to be out of the question for these parts. Some development
work has been done on metal matrix composites which have the potential of having
very high strength to weight ratios at elevated temperatures. This type of material
does not seem applicable to the nozzle and chute which operate a Tairly low stresses.
The high strength characteristics, therefore, could not be exploited, and the
presence of metal suggests that the weight saving would be small over the current
titanium and steel designs. Further work on these materials for thie application

i erefor t re ded.
is ther e no commended 15.13



SECTION 13

PROGRAM PILAN

This section discusses the schedule and funding anticipated to implement the

technology developmént described in Section 12.

13.1 BSCOPE

. The technology development activities defined in Section 12 are in addition to
the work regquired to develop, gqualify, and place in production a new nacelle using
available state-of-the-art technology. Upon the completion of the specified tech=-
nology development it is presumed that adequate data will be available to regard
the acoustic-composite nacelles as 'ecurrent state-of-the-art', and that a normal
nacelle development program can be undertaken with confidence. The technology
development program is designed to produce data of general applicability rather
than a specific dedign; the schedule and funding estimates-given in this section
apply only to this general program, the normal development activities would follow
successful attainment of the objectives of the general technolicgy development

progran,

The specific tests identified in Section 12 are listed in Table 26. The
first three acoustic items deal with the various aspects of inlet and fan duct
development, the last acoustic item is for tests of the convoluted mixing nozzle.
The service test of acoustic liners are included in the camposite structure service

test program in the following schedule and coste.

13.2 SCHEDULE

A schedule for accomplishing the tests and analyses defined in Section 12 is
shown in Figure 92. In the interest of compressing the total calendar time,
~ concurrent programs are suggested wherever feasible. The inlet noise suppression
program, which culminates in a full scale test, is planned to utilize model data
to guide the full scale program. It is premised that the components chosen for the
service demonstration of composite materials can be made with present techniques

and that they can be installed on existing nacelles without extensive re~design.
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TECHNOLOGY DEVELOPMENT PROGRAM

ACOUSTICS

PROPULSION

MIXED FLOW
NACELLE

COMPOSITE

STRUCTURE

SCALE MODEL INLET TESTS & ANALYSIS

FULL SCALE INLET TESTS

FLOW DUCT & IMPEDANCE TUBE STUDIES OF
GRAZING FLOW

SERVICE TESTS FOR CONTAMINATION

SCALE MODEL TAIL PIPE TESTS

SYSTEM STUDY TO TRADE OFF ENGINE CYCLE,
MIXING EFFICIENCY, MIXING LENGTH, WEIGHT,
COST, PERFORMANCE

VERIFY PERFORMANCE OF OPTIMUM DESIGN BY
MODEL TESTS

DEVELOP DAMAGE CONTROL - INSPECTION, REPAIR,
FAILSAFE |

DEVELOP ECONOMICAL MANUFACTURING METHODS
o LARGE SPACE FRAMES
e MECHANISMS

SERVICE TEST OF MATERIAL ON OPERATIONAL NACELLE
TABLE 26
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NACELLE DEVELOPMENT SCHEDULE

INLET & DUCT NOISE SUPPRESSION
TURBINE NOISE SUPPRESSION (MIXER NOZZLE)}_

MIXED FLOW EXHAUST
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COMPOSITE INSPECTION & REPAIR
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PROTOTYPE

76

77
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79

80
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FAA CERTIFICATION

VN

FIGURE 92




Although a lengthy service life test is indicated, it is anticipated that a
favorable performance in the early years combined with environmental exposure data

from other programs could reduce the risk of an early commitment to acceptable

levels.

13.3 FPROGRAM FUNDING

13.3.1 Widebody Program

The anticipated budgetary requirements to implement the development program
are summarized in Table 27. Both the model and the full scale acoustic test
program costs are estimated on the basis of usiﬁg existing test equipment and
specimens. The full scale tests include the costs for design, fabrication and-
installation of the advanced liners in an existing inlet. The service test of
composite materials is based on the plan of Seection 12 which includes upper and
lower outer skins as well as acoustie liners for one airplane., By limiting the
brogram to outer shell parts, e.g., a cowl door, the cost could be reduced to
$500,000 for one demonstration part. Once qualified, installing 1ike parts on

more aircraft could provide a greater exposure at relatively small additional cost.
The yearly funding for development work required prior to a commitment to pro-

duction is shown in Figure 93.

13.3.2 ATT PROGRAM

As shown on Table 26, the ATT is expected to benefit from the wide body
program and the only specifie ATT develcpment is to apply the fan-inlet study results
to the ATT engine-nacelle design. This study is estimated to require $200,000,

13-k
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NACELLE DEVELOPMENT FUNDING
(DOLLARS IN THOUSANDS)
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COMPOSITES. .o DAMAGE CONTROL 1000
¢ MANUFACTURING | 1000
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| 5480

. TABLE27
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APPENDIX A

CONCEPT EVALUATION DATA

The data used in the concept evaluation phase of the study is summarized in
this appendix. The preliminary design study discussed in Section 5 produced major
modificaticns of the original concept; this appendix merely records the comparative

data for the concepts evaluated.

A,1 WIDE-BODY CONFIGURATION COMPARISON

-The_impacts of each of the configurations considered con airplane characteristics
are summarized in Figure A-1l. The wvalues shown afe increments over the baseline in
each case. The weight increment per airplane includes the weight difference for
two wing inlets and for the fan duct and tail pipe installations for all three
engines. Note that the configuration with the long inlet, long duct, and the ring
tzil pipe is very close in weight to that of the mixed flow nozzle and that the near
sonic inlet is somewhat heavier than any of the other configurations. The increment
in external wetted area per airplane is shown for reference, although the wvalues for
changes in specific fuel consumption include both the effects of the external drag

and the internal losses.

A.2  ATT CAWDIDATE CONFIGURATIONE

The impact on the airplane characteristics for the two configurations is shown
in Figure A-2. Again the large increase in weight and wetted area and increment in

specifid fuel consumption attributable to the near sonic inlet is evident.

A.3 WEIGHT SUMMARY

A summary of the nacelle weights used in the concept selection study discussed

in Section 4 is shown in Figure A-3 for the wide-body and in Figure A~k for the ATT.
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NACELLE EFFECT ON AIRPLANE WIDEBODY

A EXTERNAL

: A FUEL
TAIL AWT* WET AREA ASFC USED
INLET pucT PIPE MATERIAL kg (LB) AIRP m2 (FT2)/AIRP % %
BASELINE — LINED METAL - - -
o o COMP . ~83.5 (—184) - - -.04
LONG LONG STD 0 797 {1756) 39.2 (422) 108 | 1.4
" o RAD. SPLIT. . 1063 (2344) 44.4 (478) 135 | +1.8
" o RING 1256 (2770) 44 .4 {478) 148 | +2.03
RING " i 976 (2152) 23.2 {250) 1.28 { +1.7
NEAR “ - “ 1614 (3558) 63.5 (684) 210 | +28
SONIC
LONG " 1315 (2899} 57.8 (622) -.20 +.38

MIXEDIFLCJW

FIGURE A-1
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ﬁ; ST ATT NACELLE EFFECT ON AIRPLANE

.BASELINE METAL HARDWARE
BASELINE COMPOSITE HARDWARE _____,
LONG NACELLE — METAL

LONG NACELLE — COMPOSITE

NEAR SONIC INLET PLUS LONG
DUCT COMPOSITE

FIGURE A-2

AwT * AWET AREA A sFc
kg (LB)/AIRP m2 (FT2)/AIRP %
~69.8 (—154) — -
1314 (2898) 38.3 (412) 21
1019 (2246) 38.3 (412) 21
1331 (2934) 50.2 (540) 24
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[-1011 NACELLE WEIGHTS

s

INLET CONFIGURATION LONG LONG LONG RING SONIC
FAN DUCT CONFIGURATION LONG LONG LONG LOKG LOKG
TAIL PIPE CONFIGURATIGN STD. RAD. SPLIT RING RING RING
MATERIAL M C M c M C M c M C
KG K KG KG KG KG KG KG KG KG
{LB) (LB) (LB) (LB) (LB) {LB} (LB) (LB) {LB) (LB}
Inlet Lok 356 Lo6 356 L& 356 ol 220 6L9 539
Fud (895) (785} (895) (785) (895) (785} {545} (4857 (1430) | (1180)
Cowl Door and Support 138 138 138 138 138 138 138 138 138 138
(205} ] (305) | (305) | (305)] (305)| (308)] (30s)] (30s)f (305)| (305)
Translating Cowl 150 132 150 132 150 137 150 132 150 132
(330) | (2903 ] (330) | (a2g0}| (300) | (=o0)| (330)| (200)| (330)| (290)
Fan Nozzle i63 136 163 136 163 136 163 136 163 136
_ (360) | {300) | (360) | (300)F (360} ] (300)| (360)] (z00)| (360)) (300)
Fan Thrust Reverser Bl _ No Change 5h2
(119%) angs "1 (1199)
Splitter PFairing 63 N 63
Aft (158) No Change - (138)
Gas Generator Cowl 157 - . 157
(357) Na Change - (357)
Tail Pipe aa 88 177 177 2ho 240 2ho 2LG 200 Ry,
(195) | (195} | (390) | (390)] {(530)| (s30)| {s530)| (s30)| (530} (530
Engine Reinforcement 32 32 32 32 32 32 32 32 32 3
(70) {70) (70} (70} (7o) {r0) (o) (ro) {70) (7o)
Total - Fwd 5Lk Lol Skl hglh 544 haly 386 358 a7 57l
{1200} [(2090) | (1200) | (1090} | {1200} | (L060) | (8503 | (rgo)| (1735) | (1485)
Total - Aft 1195 1150 | 128k 1238 13L7 1302 13L7 1302 1347 1302
(26357 ({2%3%) | (2830) | (2730) | (29700 | (2870) | (29v0) | (2870) | (2o7031 (2870)
Total per Nacelle 1750 16h4 1828 1733 18g2 1756 1733 1660 213h 1975
(3835) [(3825} ] (Lo30) | (38200 ] (L1T0){ (3960) | (382000 (3660} [ (4705) 1 (h35%)
Total per Airplane LeTl hu3s Lgug Lrrol 5130 Ligl h813 heap 5616 5053
(2 x Fwd + 3 x Aft) (10305) [(9785) [(10890) |(10370) ({11310} {(10790) {(20610} ] 26190} [(12280) [(11580)
Change from Baseline 1030 ‘Takh 1295 1060 1486 1250 1168 g8 1671 1608
(2275) |(2751) | {2856) | (2336)| (3276) | (2756 | (2576} ) (2156) | (h3h8) | (3546)

M = Metal; C = Composite

"FIGURE A-3
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RASELINE LONG SONIC INLET

METAL COMP METAL COMP METAT COMP

ATT NACELLE WEIGHTS Ko K6 Ko Ko KG xC

- (LB) (LB} (LB) {LB) {LB) {L®)

Inlet 188 171 336 281 526 yo

(b1lk) (376) (7Tho} (620) (1160) {970)

g Cowl Door and Supt 102 102 102 102 102 102
{22h) (22h) (225) {225) {225) (225)

Translating Cowl 76 6L 91 T3 91 T3
{(167) {1h1) {200) {160} (200) (160)

Fan Nozzle 26 26 213 168 213 168

Apt (58) (58) (470) (370} (4710) (370)
Thrust Rev., Fairing, Gas 576 576 576 576 576 576

Gen. Cowl, BEte. {1271) (1271) {(1270) (1270) {1270) (1270)

. Tail Pipe Té 76 213 213 213 213

(167) (167} (L70) {h70) (k70) {LT70)

CTotal - Fwd 289 22 438 383 628 5k2

(638) (600} (965} (845) (1385) (1195)

"Total - AfE 5k T43 1093 1030 1093 1030

(1663) (1637) (2410) (2270) (2h10) (2270)

Tatal - Per Nacelle 1GhL 1015 1531 1413 1721 1572

(2301) (2237) (3375) (3115} (3795) {3L463)

ETotal - Airplane 2842 2772 4155 3856 4536 4173
{6265 ) (6111) (9160) (8500) {10000) {9200)

Change From Baseline - -70 1313 101k 1694 1331
(-154) (2895) {2235} {3735) (2935

FIGURE A-4




APFENDIX B

THE PROPAGATION OF SOUND IN CIRCULAR AND ANNULAR .DUCTS

A. THE CONVECTED WAVE EQUATION

For the case of plug flow, the applicable form of the convected wave eguation

may be written:

2 1 .2
vpep=-5Dp (BEq. 1-A)
c
where D represents the operator
0., % .
s + VvV -V

or if the flow is axial {(z axis)

] .9
? ‘(a—t“’z'éz)

Conversion to cylindrical coordinates (r, 8, z), separation of variables and appli-
cation of a continuity of particle displacement boundary condition leads to the

eguation set:

MK + ‘/Kg—(l-MQ)KQ
1

T
K
b _ M2
W2 ) .
O E (K )
JK(l - M T{‘) %’ K, 5 (—Kr)‘
b m T



where

H

£ (x) T (x) +Q ¥ (x)

a

b

This equation set may be solved for a double infinity of solution sets
Krm;.L’ KZmp’ Qmp

wherein m is the circumferential lobe count and B is the radial index number of a

sclution mode.

The inserticn loss of a duct relative to a hard wall duct is

s

z %
%,

A
mp

2 exp(2ﬁmph)
= .
eXP(EEQPL)

I = -10 log, (Bq. 2-4)

A
m

where Bmp = ImIC?mp and E'means as calculated for the hard wall case.

The lobe count and radial index number m and p are chosen such that only medes

which propagate in" a hard wall duct are considered. Thus

A =0 if # 0
m ke mp

The lobe count m is alsc limited to values which satisfy the selection rule:

m=nB + dv (Egq. 3-A)
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For the calculation of the attenuation of blade passage tones and their harmonics,

the wave number K is introduced in terms of blade tip Mach number Mt
K =nBM

in conjunction with the proper values of
n, B, M, and V

Broadband noise is represented as being composed of all possible propagating modes:

b:y' ChOOSing B = O’ V=1 and K = Qghf

where f is the center frequency of a 1/3 octave band of nolse. Buzz-saw tones may

be introduced simply by setting V = O.

Attenuation is found to increase monotonically with increasing m and also with
increasing p. This permits the use of systematic mode sampling to reduce the mag-

nitude of the caleculations in the broadband case,

In summary, the computer implemented solution to the convected wave eguation
has been formulated in such a way that spinning modes {both rotor generated and
interaction generated), broadband noise, or buzz-saw tones are handled with egual

facility.

The Computer Qutput Format

The printout of the solutions to the convected wave eguation consists of con-
tours of equal duct attenuation in the complex plane R + JX which represents the
"in place" duct wall impedance. KEach sheet represents a pafticular buzz-gaw order,
blade passage harmonic or 1/3 octave band of broadband nolse. A1l values of ﬁmp
are in storage such that the results for a range of duct lengths L may be readily

obtained from one basié solution set.

Once 2 set of attenuation contours (see for instance, Figure 6-11) are available,
then any number of attenuation predictions may be read off by simply entering each
page at the appropriate values of R and X. No assumptions concerning the design of

the liner have entered into the solutions of the wave equation.
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The crucial factor governing the accuracy of insertion loss predictions is the

2
assignment of the energy weighting factors Amp .

Enowledge of the actual energy distribution among the propagation medes is
always scant. Tmproved knowledge of modal energy distribution is the key to
improved predictability of duect liner attenuation but its attainment is a formidable

task.

In the absence of any solid evidence to the contrary, the following working
assumptions have proven useful:
e For any given blade passage harmonic, the energy is divided equally among

the allowed lobe counts m. TFor any given value of m, the energy is sub-
divided equally among the radial modes,

® Within any given band of broadband noise, the energy is divided equally
among all allowed lobe counts m. For any given value of m, the energy 1is
subdivided equally among the radial nmodes,

e Within any 1/3 0.B. containing both broadband noise and perceptible pure
tones, the total energy is distributed egually between the broadband and
the pure tones.

These assumptions can only be roughly justified. It is normally true that a

pure tone only causes a minor proturberance (of the order of 3 dB) in a 1/3 0.B.
spectrum of fan jet engine noise, inferring that the broadband and pure ione ener-
gies are about the same. Broadband noise by its very nature and multiplicity of

sources is medally very rich.

The importance of the modal distribution of the energy can scarcely be over-
stated; As an example, consider the second harmonic if a 33 blade fan operating
with 70 0GVs in its fan duct and 54 00Vs in its compressor inlet, and rotating at
slightly above T0 percent of rated speed such that the rotor generated mode m = 66

is Just cut on. The allowable modes are:

1. m =66 - 0 (rotor cnly)

2. m=66 - 70 = =4 {rotor - OGVl interaction)
3. m= 66 - 54 = 12 (rotor - OGV2 interaction)
b, m =66 - 108 = 42 (rotor - 2K oGV, interaction)

The calculated atienuation rates for cases 1 and 4 are very great and these modes
may be completely disregarded, The four lobe pattern in case 2 decays much more

slowly than the broadband noise and is the limiting factor.
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The 12 lobe pattern in case 3 decays at about the same rate as the broadband
noise and so is not a limiting factor. As is shown in Figure 6-15, the required in-
tlet treatment is about 16 inches shorter if the 12 lobe pattern is dominant, as com-
pared tc the treatment length required if the 4 1lobe pattern dominstes the second
harmonie., The analysis has been conducted separately for these two extreme cases
(4 lobe or 12 lobe completely dominant). Experimental evidence, based on the inter-

pretation of directivity patterns indicates that the 12 lobe mechanism is dominant.

Tt is a curious fact that several engines suitable for propelling a wide-body

transport contain a L lobe spinning mode, as shown in the table below:

TABLE 1

ENGINE B v m=n3 + dv
RB211 33 70 m=(2) 33 - (1) 70 = -4
G.E. CF6 38 80 m={2) 38 - {1) 80 = -4
STF L3z* Lo 58 m= (3) ho - (2) 58 = +4

The preceding sections have sketched the utilitarian solution to the convected
wave equation. The selection of medal energy assumptions and the printout of the
solutions as equal attenuation contours in the complex plane representing the "in
place” impedance of the duct liner. These contours serve to permit attenuation
predictions and also serve to prescribe the most desirable "in place" impedance as
a furction of freguency. The final step is to attempt to i1l these prescriptions

with actual liner designs.

This requires correction for the effect of sound pressure on any nonlinearity
of this liner and also correction for the biasing effects of grazing flow. Usually
the conditions in engine ducts are such that these two effects are of the same order

of magnitude of importance such that neither should be neglected.

Tt is well known that the throughflow resistance to steady flow for virtually

any acoustical material may be well represented in the form

*
Originel configuration



AP _
G “R=R_+R U (Bg. 4-4)

where RO represents the purely viscous component of resistance and RlU the kinetie
resistance, where U is the approach velocity. It is clear that any acoustical

sheet material can be conveniently described by the two constants Ro and Rl which
may be easily determined by a few flow bench measurements at different values of U.
This procedure is routinely followed in the Lockheed acoustical materials laboratory
and the constants Ro and Rl have been found to be more useful than the unfortunate

nomenclature "nominal flow resistance,” and "nonlineasrity factor."

It is plausible to asscciate the flow bench approach velceity U with the
acoustical approach velocity. The usefulness of this assobiation is, however,
reduced by the fact that there are no common instruments available for the easy
measurement of acoustical approach velocity near engine liners. Our knowledge of
environmental conditions near ducts is in terms of SPL spectra (usually from flush
microphones in locally hard surfaces). We should, therefore, attempt to relate SPL

and AP.

Equation 1 may be manipulated into the forms.

= < -
R 5 {Eq. 5-4)
R(R - RO)

AP = ——————— (Eq. 6-A)

R

1

It may alsoc be shewn that
Pn2
U {acoustical) = 5 5 (BEq. T-4)
n (R +pc)s + Xn

where Pn ig the sound pressure in the nth 1/3 0.B. as measured by a flush micro-
phone in a hard wall {(pressure doubled). By assoclating U steady state and U

(acoustical) we may write
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o 1/2

. |
R=R_+R E N (Fq. 8-8)
a 1 - (o pc)2 + Xn2

and both P_ and X_ may be measured directly.

Equation 8-A may be golved for implicit R by iteration. This value of R
inserted in Equation 6-4 may be used to determine an appropriate value for equiva-
lent AP, i.e., the flow bench differential pressure corresponding to the conditions

in the engine duct.

Note that egquivalent AP is a function not only of the material constants Ro
and Rl but also of both the spectrum level and shape of the gound and alsa of the
reactance spectrum of the liner.

The usefulness of these sections have been extensively verified by tests on a
variety of materials in a high intensity standing wave tube using the broadband

biss noige method described in Reference 3.

Grazing flow also increases the acoustics resistance of duct liner facing
sheets and to scme extent affects their inertance. Only limited data concerning
this effect is found in the literature. The most neotable of this is found in Ref-
erence L. Tt was found that the results of Reference 4 could be represented by an

additive term AE which is a funetion of Rl and the mean flow Mach number M

RO + /ROE + th AP
R = + F(R
2

1° M) (Eq: Q‘A)

These results have been systematized into a facing sheet selection handbook cover-
ing all values of RO, Rl,ikP’ and M of interest. Similarly; the inertance of

facing sheets may be expressed as a functicn of Rl and the effect of grazing flow as
a functicn of M. This effect and its conseguences on air space depth selection

have been systematized into a selection handbook covering all cases of interesi.

hnalyses of this type reveal clearly that acoustical resistances that are
either very large or very small are difficult to sttain using perforated facing
sheets. The convected wave equation sclutions indicate that for spinning modes

very near cutoff {(as is always the case for low orders of buzz-saw) optimum
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resigtances are extremely low, at limits of the order of .1 pc. 1In the presence of
substantial grazing flow (say M = C.4) it is difficult to attain a resistance as

low as 0.5 pe.

The present analysis shows that optimum wall resistance for inlet ducts to be
of the order of 5 pé. Such a resistance requires the use of perforated facing
sheets where open area is only of the order of 3 percent. The nonlinearity of such
a2 sheet is extreme. Figure 22 in Reference 3 shows that a b percent open perforate
changes its resistance by a factor of 9 to 1 as sound pressure increages 650 aB.

The inertance of such a sheet is also large which will lead to = significant nar-
rowing of the first absorption peak and a loss of high frequency response. For
these reasons, the use of more purely resistive.facing sheets such as fine fibered

felt metals bonded to open perforate is strongly indicated.



List of Symbols

Radius of center bedy
Radius of outer duct
Velocity of sound

integer -

VT

wave number (%0

axial wave number

radial wave number

duct length

integer

sound pressurs

blade count

Function of x and ¥y

Bessel function of flrst kind and order m
kb, Kr = k Kee = kb

rb’ Z
P

b

Mach number

Constant

Vane count

Flow veloeity vector

Flow velocity axial

Bessel function of the second kind of order m

Accustic impedance at r

It
w

Il
o2

Acoustic impedance at r

Air density

3 , @

g
ax 3y oz
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APFENDIX C

SCHIZOPHONTUM

The inexorable laws of acoustical scaling lead to the mest formidable problem
in airecraft noise control, a need for substantial low fregquency abscrption in very
limited space, The only known approach to passive low frequency absorption in
limited space has been some form of resonator. These are characteristically diffi-

cult to apply because of their narrow response and nonlinearity.

The Helmholtz resonator is a series element device. A constant Inertance I,
and hence constantly increasing positive reactance wl, is placed in series with an
air spring whose capacitance may be regarded as constant at low freguencies but
hecomes & Function of cavity gecometry at high frequencies. Series damping is either
provided by the nonlinear resistance inherent in the throat or by a supplemental and

rather critical permesable insert.

The general characteristics of such a series device cculd be drastically
altered only il new elements could be found having intrinsically different charac-
teristics, for example, inertance which is not constant. Miniature acoustical
horns may be regarded as elements whose characteristics might be expected to change
considerably according to whether they were operating below or above thelr cutoffl

frequency.

Suppose. the throat of an acoustical horn is coupled to a cloged cavity. The
air cavity may be conveniently provided by the space between the horn exterior and
a cylinder having the same cross-secticn as the horn mouth. Although not strictly
accurate, for the purposes of visualization, attribute the propertles of the infi-
nite acoustical horn to the horn element. Then below cutoff frequency, if there is
an axial oscillation of the air in the horn, all the air moves in phase. This
corresponds to a substantial inertance., This inertance is in series with the air
spring and so the system constitutes a resonator. Above the cutoff freguency of

the horn, sound propagates with the usual phase shift much as it would be in a tube,



The abrupt discontinuity of cross-section at the Juncture of the throat and air
cavity is a very reflective situation such that the horn becomes a resonant sir
column at each frequency for which its length equals aﬁ integral number of half
wave lengths, This Is exactly analogous to the behavior of an air column closed
at one end and half as deep.s Finally, closely controllable linear damping for
both modes of operation may be provided by a permeable flow resistive sheet
covering the mouth of the horn. Thus, below cutoff freguency, the system provides
a fairly broad "haystack" of low frequency absorption. Above cutoff freguency,
the device behaves as a single layer abscrber. This duality of freguency range,

split by the cutoff frequency of the horn, suggested the name "Schizophonium,"
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ALRFEAME FEE 160BL6TL00 DEVELOPMENT TEST AATICLE 42309584,
AIRFraME CDST 12329283.00 FLIGHT TEST 35510128.
: ENGINE WARRANTY 122974 o ledy SPECIAL SUPPORT EGUIPMENT 4208132.
: ENGINE FEt A0UES5 .50 DEVELOPMENT SPARES 33568624
ENGINE COST 2992359.00 ENG INE DEVLEOPHMENT ) O
AVIUNILS CusT 600000, 00 AVIONICS DEVLEDPMENT 0.
RESEAKCH AND DEVELUPMENT 1738719, 00 TOTAL R AND D 595487468,
TOTAL FLY AWAY ST 17560352.00
DIRECT OPERATING COST-DULLARS /N. MILE a’0
CREW G &2 20 Zivale
AIKFRAME LABOR ANUD BURDEN MAINT . 0.2366 7.47
ENGINE LABOR AND BUKDEN MAINT. B. 18627 5.26 HANGE :
AIRFRAME MATERIAL MAINT. (e 1030 3.34 N. M1 660, 1050, 1440. 1830, 2220, 2610. 3000.
ENGINE MATERIAL MAINT. GaiT12 5.5% bog '
FUEL ‘AND DIL 049390 A0.43 LAASM 2.01298 1.7197% 1.6917 1.6307 1.5912 1.5635 1.5430
INSURANCE - C.0901 292
DEPRECLIATIMN (INCLUDING SPARLES) C.To 1% Z2h69 Tia=HR 1.6289 23840 3.1290 A.8941 iy e &H9Z S+ 4043 65215932

. , - 3 /TRe 2678, 3ATiv. 4Bl 5966, T065 . Bléla 9258.
C TOTAL DOL $/N. MILE 3.0660  100.00 .



f=a

LOCKHEED

CALIFDRNIA COMPANY

ASSET PARAMETRIC
SUMMARY 1D MO, 101
OLTOBER 14 1974
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AS S ET PARAMETRIIC ANALYSIS
SUMMARY ID NO. 100
UCTOBER 11 1974
AIRCRAFT MUDEL --1322~2-)1-203% ENGINE 1.D. — 205000
Tattala LATE —1974 SLS SCALE 1.0 = 3p700
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s AR T.60 Teb0 Tot0 Te0 0.0 0.0 G.0 0.0 [(N1) G.0 G.0
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TAIL .
BuUDY |
LANDING GEAR
FLIGHT CONTROLS
MACELLES

PROPULS 10N
ENG INE 23462432
ALR INOUCT ION 250935 .26
FUEL SYSTEM 254 TBE L4k
START. SYSTEM 5185 .36
ENGINE CONTROLS 24BE,23
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T0TAL PRDPULSION
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aby '

5Y5. INTEGRATION

TUTAL EMPTY MFe. COST

SUSTAINING ENGINEERT
TECHNICAL DATa
PROD. TOOLING MAIKT.
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AIRFRAME FEE
ALRFRAME COST
ENGINE WARRANTY
ENGINE Frr

ENGINE LOST
AVIONICS CUST
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QG
TITSCT 50
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V-0
TEL35% .ak

KRESLARCH AND DEVLLOPMENT

TOYAL FLY AWAY U057

DIRECT APERATING COST-DULLARS /N,

CREW

ALRFRAME LABOR ANL BURNDEN MALNT ,

ENGINE LASDR AND bURLLEN MAINT,
ALKFRAME HMATERIAL MAINT.

ENGINE MaTtAlai MalNY.

FUEL AND DIL
INSURANCE

DEPRECIATION (INCLUDING SPARLS)

Tuval DOC &/N. MiLE

SU MR ARY

2046633 .00

« 13559 ,63

2179925%.00

31170454
2TiTT9.13
REA0T a0k

5543013.63

1CG1270ean
155405461
ITPRLIN I

161166 .ub

510150,56
301 T4.7%
FE3E2,70
11936500
2leogi ol

Fa32 1175, 00

hofo2% .38

lesthéd 00

Tauefe0i o

314:1sl.00
E0U0 L. 00

luBlF22.00
MlLo [T AT
Cotlbs 19417
Caztla Teb3
C.2715 Sacb RANCE
el1U%c 4.3% Ny M)
CalbSsa Daetal nog
lo0iife 1«22 LCrasM
L.USRe a3
OLLO8T 4eid Te—Hn
t/TRP

52570 1CQL0CC

JeRZ21904.00

6E5.

iW1BTT

letZUE
‘el4.

ATT CONCEPT EVALUATION
LONG INLET—LONG DUCT-METAL

10a& .
1.R950

F4377¢

CERTZ.

R AND T
JEVELUPMENT TECHNICAL LATA
DESIOGN ENGIKELMING
DEVELDOPMENT Tull ING
DEVELDOPMENT 18T ARTICLE
FLIGHT TESY
SPECIAL SUPPURT EQUIPMENT
DEVILI:PMENT SPARES
ENGINE DEVLEDEMEMT
AVIONTICY DEVLLOPMENT

TOTAL R AND D

14574 Ibhita Zil8 .
leTRo3 147218 1.¢79¢4
el 338 EFE-AEVE] 4 .t 480

Bl3a. bede . TaEZ.

17255264,
383450624,
229272800,

44b6Th38,.

ITITSTZ8.

4601406,

A5T004H0,

'
Oe.
T52T2H5ThE.

L1 3000.
1.6502 1.5285

LR CETY t.1600
129 P8 9771,
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LOCKHEED

CALIFOAMIA COMPAMY

o0
=
-l 5]
o E .
CD A 5 5 g
S B
£ w
2> ALAURAF T MUGEL e §_fimimfmd 0
Gj Tedele [21¢ —— 4T
5 e} PESTuii SPranl m=SUp LN
55' 1 wrl Yomet LaS.0 Lot 135,00
2 Trw L e a? el Ja sl
3 i Tacill T ot d Tobi
« 170 Yan G ul Yahis Yy ld
boFARIUL ., M) EUdG VTR 170 inl
6 LSS WE TG RO 7reble 3333%% I EEE
T Hith welusT BLEUR [E62E Lrate  L,_SY7
Y Dby wla SMPIY 150370 1963Tc liebld 152600
S O JERU OFULL Wi, 17C3%0 196170 1w, 503 1vip032
1 THEUSTAcNG LML 2lee e 3UZBT Pl 4 2hale
1 EhLINE SCALL Vatidg  Cu9B% L.yl (.94
12 WINL AKEA L1384, SHB o ch3T.  gua7T,
13 Wine LbaN 17763 lroetr Jokat 104,4
14 A TATL ARt bz, T ey, aal,
1L Ve TALL ARDA 4Ya. Hub . Lha, LHa,
16 sSULY LeNGTw lélae  ltlec Jtled 161.2
COMT CLaTA==MIQL It LOULLEASAAIRC Vit
17 FLYAWaY CusT 1%a327 lbais8  al Call
1L AJKFRAME CTST 194307 144237 (.0 O.0
19 INGIND (08T delal  x.u28 (L0 G0
Z0 aVIONILS Lo1al (el e DL Cul .U
COST LATA——DIRECT UPEHATI MG Cast
Z1 $ VPEK MILF 3.216  3.17€ Gl Le
22 LENISAE 3 MILE  1.60H 1e236H 0.0 Ve
FLILHT PATH M1S550N CRARKACTEFRISTICS
23 MLISSI0N SYMOITD 24600  scGOG " ]
CUNSTRAINT DUFRUT :
24 THRWEUFF D5T{1} 715y Taus u Q
2% CLIME CRAD{IDMUL1393 D.l2is (.0 LEP V) 0.
zte TAKECFF DSTOz) 7273 Th4s { o
27 CLIMB GRALMZ G, 0448 L0400 §.G U 0.
2b AP SPEED-KT(L) 132.6 132.4 .U els
29 CTUL LNDG OE1) 557 £574 [ c
30 AP SPEED-KTIE2) 140.2 La0.3 C.l, Qa0
AL CTUL LNDG DEZ} enl2 18 £ o ]
32 AP SFEED-KT(3)} lates 14aT.6 G0 0.0
33 LTUL LNDG DI3)  sawne LU [ [o]

H FaR aM{ TR ANALYSI S
SUMMAKY T NJ. 101
B FOELR e 1974
EMNGINE T.0, == 205000 WING QUARTER CHORD SWEEP = 36.50 DEG
5LS SCALE 3.0 = inr00 WING TAPER RATIOD = 0,400
HUABER ¥ ENGINTS = 3.
0an O LG 0,0 [y 0.0 U0 0.0 el 0.0 0.0 Q0 0.0
ULt [V} 0.0 [V Cal) 0.0 D40 0,0 0.0 0.0 0.0 0.0
Ot [T (O] 0.0 [} N0 0.0 0.0 0.0 0.0 0.0 0.0
0uiy e 0 {1 G.0 La O 0.0 .0 0.C 0.0 0.0 0.0 0.0
o G ] v 3] ¢ 0 a 0 [} o ]
7] d W 7 [ Q 1] [i] [ o o o
{ i) [4] ¢ Q 0 o] 0 4] 4] 1] 0
0 0 4] U J u 0 © ¢] 0 0 ‘o
[} o a i f 4] ] ] L) 1] [} 0
0 a 0 4] v o o o [} o [ a
(AR C.lt (41} (U] (1.0 0.0 N« Q.0 0,0 .0 0. Q.0
0. Ge 0w C. O 0. Ca O o, Ou 0. 0.
Lwld Qal Q.0 L0 G.0 G0 0.0 Ce.Q G0 0.0 0.0 0.0
n, L 0, [ 0. "0 0. O. 0, 0. O. O.
Ve [ /8 D Ua 0. O Q. 0, 0. [ 0.
e 0.0 0.0 (U] [VINT] 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o.n 0.0 0.0 C.o Uelt 0.0 0.0 ‘0.0 0.0 0.0 0.0 0.0
a0 Gals 0.0 0.0 (O« [VI4] 0.0 G.0 0.0 Ca0 0.0 0.0
dets 0.0 0.0 0.0 n.n 0.0 N0 0.0 0.0 0.0 0.0 0.0
0.0 u.0 [TI] 0.4 0.0 0.0 00 0.0 0.0 0.0 0.0 0.0
0.0 Q.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Yt G.0 Qe 0.0 Gel 0.0 0.0 0.0 0.0 0.0 0.0 0.0
g o 0 [¢] Q o} 0 +] +] 0 0 /]
o 1] o ] ol o] ¢ o o o ] [s]
4] Ul 0.0 0.0 2.0 0.0 0.0 0,0 0.0 0.0 0.0 0.0
0 n 0 [4] [} o 0 1] 0 (4] ]
7] .0 0.0 .0 0.0 0.0 0. D,0 0.0 0,0 0.0 0.0
0.0 0.0 0.0 0.0 g.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o [ o] C o 1) [} (4] 0 4] 1] 0
c.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
o o o o [¢] 0 [+ 0 0 L] [+ [+]
0.0 n.o 0,0 0.0 0.0 0.0 0.0 0.0 0.0 Qa0 0.0 0.0
0 [ o 0. 0 D o 1] [»EN o 0 0

ATT CONCEPT EVALUATION
LONG INLET-LONG DUCT-COMPOSITE
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LOCHKHEED

CALIFORNIA COMPBANY

CAST SUMMBARY

WING |

TAIL

BO0Y

LANDING GEAR
FLIGHT CONTROLS

NACELLES
PROPULSIUN

ENGINE 22502475
AIR INDUCTION 151156451
FUEL SYSTEM 24330%.44
START S5YSTeM 4962 .93
ENGINE CONTROLS 2381.27
EXH/THRUSY REV. T85B.62
LUBE SYSTEM 2331.52

TOTAL PROPULSION

INSTRUMENTS
HYDRAULICS
ELECTRICAL
ELECTRONIC RACKS
FURNI SHING

ALK CUNDITIUNING
ANT] ICING

APU

S¥YS. INTEGRATION

TOTAL EMPTY MFG, (NsT

SUSTALNING ENGINLER]  590014.09
TECHNICAL UATA 3.5
PROD. TODLING MAINT, 712611.33
MISC. 205325.13
ENG. CHANGE OROGR 0t

GUALITY ASSURANCEL
AIRFRAME WARRANTY
ALRFHAME FLE
AIRFRAME COST
ENGINE WARKRANTY
ENGINE FEE
ENGINE COST
AYIONILICLS COST
RESEARCH AND DEVELUPMENT

TUTAL FLY AWAY LOST

Th9 595 401

1962644 .00
442515.31
Z1T%617,00
290444 .94
264L50.00
L15022.50

404514 . 6G

1CG3cwe2 5
1509064 1%
501479,.25
141} 7200
511130,63
3euwhv, 50
2LTETant
119503,13
Z Uk Gu.00

5.l%0bal%
losr faa,. (10

Libbewaty
4PAVE P ert

DIRECT GPERATING COST-DOLLARS /M, MILL

CREM
AIRFRAME LARUR ANU BURLFN M2 INT.
ENGINE. LABIIR AND BURUEN HAARNT.
ALIRFRAME MATERIAL MAINT,

ENGLINE, MATERTAL MalnY.

FUEL aNDO OiL
INSURAMNCE
DEPRECIATEUN (INCLUUING S#ARES)

TUTAF DCC $/MN. MILE

a6l 31
Laerwl]
T,1e7e
LalUs?
a1 90
CeYB4L
el ya
Ga?e 30

1.1

FloehA L. 00

P2%943 704 00

ANZAN4 2. 00
H0OGLO. 00
JHY6EG 0. 00

orn
1% e02
Tant
L.27
3.33
Sebhd
EIge )
CeZ
P Ry -1-

luG .00

YANGL
N. MI

nac
C/7A5M

Th-H«
$/TRP

LENALHDE , 00

3.
¢L.0907

1eh250
2151 .

ATT CONCEPT EVALUATION

LONG INLET—-LONG DUCT—-COMPOSITE

R OANL O
DEVELOPMENT TECHNICAL DATA
DESIGN ENGINEERING
DEVELOPMENT TOOLING
DEVELOPMEMT TLST ARTICLE
FLEGHT TEST
SPECIAL SUPPOKT LGUIPMENT
DEVELUPMEN] SFARES
ENGINE DEVLIOPMLNT
AVIDNICS GEVLEUPMENT

TGTAL £ AND D

Liag, AN lho%a 271% .
Ieithlo 1.7a12 latrtid l.637TH
Zeitla 21371 EXY:AFa) 4ub4F S

dhB 1. Lo1n, 33 B Toiey.

l€641%64,
369821440,
Z2214HTT92,
#3207600.
36553136
44 31E56.
34523408
Q.

0.

T266T18T2.

<610,
le6:000

L6040
E306 ,

3000.
1.5879

b.15%98
2527,
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LOCKHEED

CALIFORNIA COMMANY

AIRCRAFY MULEL -=1322-2-1-207

l.0,L, DATE 1974

DESICN SPELD ==SUBESURIC
1 wrs 135,0
e Tim G322
3 AK T84y
& 1/C LR
& RADIUS M. M1 BLET
& GKOSS WEIGHTY 352867
7 FUel WELGHY 1317214
B CPa WYL LMBTY 1£8164%
9 IERQ FUEL WT. 221649
16 THRUSTZENGINE ARR14
11 FNGINE SCALE le26L
12 WING AKEA Ztla.
13 WING SPAN 140U, %
14 K. TAIL AKEAR Eth
15 V. TALL AREA Lya,
16 t01UY LENGTH 163,27

COST TATA-~MILLTIUN DCULLAR
17 FLYAWAY CCLT 21175
18 AIRFRAME CULT  Je.be3
Iy ENGINE CUMT A.732
20 AVIUONILY CDET Oaenh

COST DATA—DIKECT UPERATI]
21 3 FER MILL 2LeTE
22 CENIS/ZA 5 MILE 1.¢37

FLEGHT PALH MIMSIOGN (HeFA{TERIETICS.

22 MISTION SYMEMY  PeCOC
CONLTRAINT (UuTRUT
24 TAREOQOFF LET(E)  7F)et

C2% CLIME GRADIIIC.1270
26 TareDFF DGLTI2Y F2WF
27 CLIMBE GRAD(Z JO.043E (
ZE AP SPLED-WTE1) 1Z29.¢
2% CYOL LNGL Dll)  Be2)

L300 AP SPRED-KT(Z) 13¢.0
31 LGl LNDG C(2)  E7Ee
32 AF LPLED-KT(3} 1427.1
33 LTUL LNDG Lt3) 14l

ATT CONCEPT EVALUATION
NEAR SONIC INLET — COMPOSITE

ASSET PARAMETRIC ANALYSIS
SUMMARY ID MO. 100
OCTLBER 15 1974
ENGIKE T.U. -~ 207060 WING QUARTER (HOUR(O SWEEP = 36.50 DEG
SLE SCALE 1.0 = 30700 WING TAPER RATIO = 04400
NUMBEK DF EMNLINES = 3,

1354 13%.0 13%.0 L0 U.0 Qul G0 Q.0 Q. 0.0 0.0 0.0 0.0 0.0 0.0
Ga32 L.31 Ga31 Ouli Q0 Qa3 0.0 0.0 0.0 Gud 0.0 V.0 Le0D 0.0 C.0
TL60 T80 Tati0 0.0 0.0 0.0 C.0 Q.0 0.0 0.0 0.0 0.0 a0 0.0 0.0
9l Gl G a0 Ge .0 iV, ir Q.0 00 0.0 1.0 0.0 0.0 G0 G0 0.0
JdLe T 17z 183 [ 7] 4] o 4] a o] Y] 4] o [ [/]

FLTI4] EwaeEdt FakkER . o} o G o ¢ o] Q Q ] ] ]

168966 £169%3 RZ208 o 0 4] G G o o e 0 G 4] 4]

"1TE3TA 153206 152791 o 1] 8] G 4] 0 (4] u 4] a ¢ [+]

218374 1923406 192791 (4] L 0 € 4] 1] Y] 4] o 0 o] 7]
3T04%  Z2EETL 20416 o 0 0 0 ¢ o ir 0 3 0 o 0
1207 04941 0.926 V.0 0.0 G.C 0.0 Ce0 0.0 .0 (U U,0 [/ ] G.0 0.0
2572, 2037. Z037. Ca Ce Ge O G. O G. U. Ua . 0. .
139.F  174.a 12444 0.d Gad Cul C.0 0.0 D0 Ga0 C.C C.0 D0 0.0 0.0

il , Hite, 449 [H39 Ou L. (138 C. 14 O Ue Ua da U Da

BBt . Abb. AR . [0S e . 0. 0. (L% C. C. VS 0. Ga 0.

eYa 1e1.7 181,2 [UN ] L CoG .0 Gel 0.0 Gyt NaD [ORT Calr 0.0 [
SARIRCHh PFT

PCaTH0 Caf [ O] [} Ut [y L] 01,0 0.0 c.0 0.0 0.0 ¢.0 0.0 0.0
1E305 .0 Uau G0 .0 el Cah .0 [ {isC G0 G.C G0 0.0 .0
TRt GLC C.0 0.0 0.0 [(PN H 0. a0 Dy el 0.0 Qs (Y] 0.0 0.0
e b0y Ai 6 (O ¢ (I o [T 8 Cels G0 Cu0 0.0 Gt C.0 G0 G0 Q.0 0.0

MG CDET
=3 E A ¢ [N} [ d [ 4 Cel Gal Cal 0.0 Cod .0 G.0 Lieli Ual 0.0
ToECT  Cof (ol [y Gl Culh Q.0 {0 Q.G AR ] Gl 0.l G.Q [F 0.0
2HLOC o 0 : ¢ v} O ¢} J U ¢ V] 1] 0 0
T [ ¥ . L n f 0 " 0 0 ¢ a o i}

% L R 1.6 Gl Caf G, 0 [ ¢ [ ¢ LaC 'y [ Uat Cals Ll Gali
L= ¢ [ i { 4] Q ¢} O )] W] ¢ ] 4] [}

CCAET L0 Cal: NaC G a0 CeC Gl [ ] |40 &1 fel LWl 0.0 UeD 0.0
12%.% [t Ca0 . Ouls Gald [T 4] [FPYs 0.0 Gl el (U ¢] Lav Ce 0 0.0
LR G 7] € U i 4] G 0 @ G ¢ [¢] Q Q
136.7 Cat Calr Lan [T et 1.0 frair ML {rgde Cat [y Gall 0.0 0.0
Lkl [ L G [ . d G 4] L ¥ % U [ ]
14243 Cud Cal G.0 Ta0 [} 0.0 G.0 0.0 Lef Cals Ca [T Galt Q.0
€167 1§ 4 o [ 4 Q C [} o n U G G o
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LOCKHEED

CALIFORNIA CAMPANY

ces

WING

TALL

ety

LANDING GEAR
FLIGHT CONTROLS

NACELLES
PROPULSION

ENG INE ZTTEZ &0
AIR INDUCTION 308092 ,E8
FUEL SYSTEM 306051 .75
START SYSTEM . b1%B.27
ENGINE CONTRCLS CPY55 45
EXHZTHRUST Hiw. G242
LUBE SYSTEM Z33R,99

10TAL PROPULSION

INSTRUMENTS
MYDRAULICS
ELECTRICAL
ELECTRONIC RACKS
FURNISREING

AR CUNDITIONING
ANTI 1CING

APU

5¥S, INTEGRATION

TO1AL EMPTY MFG, (00T

T SUMMARY

SUSTAINING ENGINEERI ¢ 7776900
TECHNICAL DATA 0,0
PROD. TUOLING MAINT. ©18E2%.04
MISC. ’ P14 2 Ny
ENG. CHANGF CHUEK 0.0
QUALRTY absJkANLY 2ETTaT L5t

ATRFREMT WARRANTY
AlRFREME FEE
ATRFEAME CUST
EMGCINL. WARRANTY
ENGINE FEE
CENGINE LUST
AVILNICS €OST

RESEARCH ANG DEVELUPMLRT

TOTAL FLY awryY CULY

2L40%04 LD
5619149,.58
2217078 .00
3ELS5E0.3])
31285%5.81
513303.13

L4 TEE] WOG

10:5338.38
176301 .58
5CTO00 .50
142014.00

SCRTT4 .29

3BS0TZ2.T5

26161431
119170.9%
23430%,.463

LOrhh 26
1EEVAEC OO0

150670 oty
BRLEE S 2k

CIFECT DPERATING LUSI-LULLARS /N, Mlct

CREW

ATRFARAME LAEOK AMD EURLEN MAINT.

ENGINE LABUR AND BURDEM
AYRFRAMLE MATERIAL MALRY .
ENGINE  MATERLAL MATN].
FULL ANU OIL

INSURENLE

DEPKECLATION {INCLUDING

TCIAL DLl 3/KN. MILE

MEINT.

SPAREL)

Caesd0
LactU?
Celf51
(L,1187
La.2124
1.3651
N, Yy
Cavjbr

netY3EE

PALLETE D

You3eSl .00

ALEEINL O
0000 L0
Z1R0272 .00

crC
12.74
To7U
S.23 REMNGL
3.20 HN. M1
S5.86 LGC
32e24 C/ALM
Zabi
8.4 TE—+Hk
L/ ThE
1.0

ATT CONCEPT EVALUATION

NEAR SONIC INLET — COMPOSITE

2OTEOHON 00

111%.
Z.173¢

ZagGun
LE&T .

150%.
201330

3abhBa

£127.

R OANG T
DEVELOPMENT TECHNICAL DATA
UFRIGN ENGIKLERING
DEVELDFMENT TOML IThéy
DEVELOPMEMNT TeiT ARTICLL
FLIGHT TELD
SPECLAL SUPPLRT EQUIFMENT
OEVELDPMENT LPAHLES
FNGINE DEVLELPMLNT
AVINNICS TF VLEUPMENT

TOTAL K AND L

199, 2251, PEED,
1.9505 labuwél lebk&77
4.2122 45711 L RO

T40T . FGER . A

12831008,
Gai6B9)52.
2¢1H35TT6.

Lo S5 TIo00 .

L2HEESTS .

SZABZGY .

3GLHERLY,

(L%

0.
HLUOHBS 7o .

1o -

3467,
lats9l 1.80L9

T.2877
12529.

tatbly
| PR
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LOCKHEED

CALIFORANIA COMPANY

AS S ET

P AR AMETRI]IC AN AL YSTS
SUMMARY 1D NO, 200
MARCH 14 197%
ATRCRAFYT MODEL —1322-2-1-200 ENGINE 1.D. == 20000C WING QUARTER CHORD SWEEP =
1.0.C. DATE —~1974 SLS SCALE 1.0 = 30700 WING TAPER RATID = 0.400
DESIGN SPEED  =--SUBSONIC NUMBER OF ENGINES = 3,
1 wss 135,0 13%,0 135,0 0,0 0.C Q.0 0.0 0.0 0.0 0.0 0.0 0.0 0e0 0.0
2 Trd 0,33 0,32  0.31 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 0.0 0.0 .0
3 AR Teb0  Tub0  To6G 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0
4 T/C Q.40 Qb0 D .40 0.0 0.0 0.0 .0 0.0 U.0 0.0 0.0 0.0 0.0 0.0
5 RADIUS N, M1 3000 3600 3000 o v U u 0 ¢ o o 0 ] 0
& GROSS MEIGHT 278919 276314 274484 o 0 o 0 0 0 o 0 o 0
T FUEL WEIGHTY B5BE5 E5043 A4&26A Q s} fe] 4] 4] Q n} 0 1] 0
B OP. WT. EMPTY 153054 1%1271 156221 0 o o o o o o 0 o 0
% IZERQ FUEL WT. 1930%4 191271 190221 o 0 [ 1] o [ 0 O (1] 0
10 THRUSTZENGINE 30681 29473 28820 Q 0 V] (1] L1 [¢] g 0. G (1)
11 ENGINE SCALE 0.999 0.960 0.93% 0,0 0.0 0.0 . 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
12 WING AREA 2066. 2067, 2033, 0. 0. n. 0. 0. 0. 0. 0. 0. 0. 0
13 WING SPaM I25.3 124.7 126.3 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
14 H. TAIL AREA 459, 453, 448, 0. o. 0. 0. o, o. 0. h 0. 0. 0
1S V. TAIL AREA 393.  337. 383, 0. 0. . O 0. 0. 0. 0. 0. 0. 0
16 BODY LENGTH 161.2 161.2 161.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.
17 WING FUEL LIMIT 0.678 0.624 D.623 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
COST DATA-=MILLION DOLLARS/ZAIRCRAFT :
18 FLYAWAY COST  17.981 17.708 17.560 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 6.0 0.0
19 AIRFRAME COST  34.310 14.159 14.068 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
20 ENGINE COST 3.051 2.948 2.892 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
21 AVIONICS €£OST  0.600 0.600 0.600 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.0 0.0
COST DATA—DIRECT DPERATING COST
22 $ PER MILE 3.127 3.092 3.072 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
23 CENTS/A S MILE 1.563 1.546 1.536 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FLIGHT PATH MISSION CHARACTERISTICS
26 MISSION SYM(1) 36000 38000 385000 0 ) o o 0 0 ‘o o 0 0
CONSTRAINT DUTPUT -
25 TAKEOFF DST{LF 7021 7309 7T459 o o 0 0 o 0 o 0 0 o
26 CLINB GRAD11)0.1434 0.13556 0.1316 0.0 0.0 0.0 0.0 8.0 0.0 0.0 0.0 0.0 - 0.0 0.0
2T TAKEOFF DST{Z} 7155 7T420 7564 o 0 o o o o 0 0 0 0 o
28 CLIMB GRAD(2}0.06T4 0.0426 0.0401 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0
29 AP SPEED-KT (1) 132,8 132.9 132.9 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
30 CTOL LNDG DI1) SS5B9 5586 5583 0 0 0 0 o 0 0 0 0 a 0
31 AP SPEED-KTIZ} 140.7 140.8 140.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
32 CTOL LNDG O(2} 5037 &038 6039 0 o 0 o 0 o 0 0 0 o 0
33 AP SPEEO-KT(3) 14B8.1 148.2 148.3 0.0 0.0 Q.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
34 CTOL LNDG DI3) 6485 6490 5494 0 0 o 0 o 0 0 0 o 0 0

ATT PRELIMINARY DESIGN {IMPROVED COST MODEL)
BASE LINE METAL

36.50 DEG
0.0
0.0 4]
0.0 0
0.0 o

0

(3] 0

[} [+

4] o

a [

L1} Qg .
0.0 o

. 0.

0 0.0

- O.

- 0.

4] Qa0
0.0 0
0.0 [\]
0.0 0
0.0 0
0.0 Q
0.0 4}
0.0 o

2] [+]

Lt o

0.0 0.0

4]

0.0 (1% ]

0.0
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LOCKHEED

CALIFORNIA COMEANY

LGS T S MMARY

WING _ 189015900
TAIL 416T55.25
80DY Z16%100.00
LANDING GEAR 289007 .94
FLIEHT CONTROLS 256814453
NACELLES 371286.00
PROPULSION
ENG INE 21003.37
ATR INDUCTION 203955.63
FUEL SYSTEM 23081344
5;2!11] SYSTEM 462539 ATT PRELIMINARY DESIGN
E INE CONTROLS 2219.
EXH/THRUST REV, 5026.96 (IMPROVED COST MODEL)
LUBE SYSTEM 2355,23
TOTAL PROPULSION “69999.00 BASE LINE METAL
INSTRUMENTS 2951831
HYORAULICS 147043.88
ELECTRICAL 500819431
ELECTRONIC RACKS 141123%.44
FURN T SHING 511828.31
AIR CONDITIONING 391518.19
ANT1 ICING 22219.97
APU 160125
SY$. INTEGRATION 14694931
TOTAL EMPTY MFG. COST 199372900
SUSTAINING ENGINEERI 5T7B45.%4
TECHNICAL DATA 0.0
PROD. TDOLING MAINT. 698109.88 ‘
MISC. 201090,38 R AND D
ENG. 'CHAMGE ORDER 0.0 DEVELOPMENT TECHNICAL DATA 15780498,
QUALITY ASSURANCE 739816.06 DESIGN ENGINEERING 350677760,
AIRFRAME WARRANTY 510%529.38 DEVELOPMENT TOOLING 213433816,
ATRFRAME FEE 1608167400 DEVELOPMENT TEST ARTICLE 42309500 .
AIRFRAME COST 12329285.00 FLICHT TEST 15510128.
ENGINE WARRANTY . 12297444 SPECIAL SUPPORY EQUIPMENT 4208132,
ENGINE FEE 309895.50 DEVELOPMENT SPARES 33568624,
ENGINE COST 2692359.00 ENGINE DEVLEOPMENT - .
AVIONICS COST 600000 .00 AVIONILS OEVLEDPMENT ~ .
RESEARCH AND DEVELOPMENT - 1738719.00 TOTAL R AND D 695487486,
: ' TOTAL FLY AMWAY COST 17560352 0C
DIRECT OPERATING COST-DOLLARS /N. MILE 070
CREW 0.6220 20.25
AIRERAME LABOR AND BURDEN MAINT.  0.2321  7.55
ENGINE LABOR AND BURDEN MAINT. 0.1587  5.17 RANGE :
AIRFRAME MATERIAL MAINT. 0.1011  3.29 N. NI ‘660. 1050, 1440. 1630. 2220, 2610. 3000.
EMGINE MATERIAL MAINT. 0.1675  5.45  DOC :
FUEL AND QIL 0.9390 30.56 C/ASM  1.9996  1.7786  1.6776  1.6196 - 1.5820  1.5557  1.5362
INSURANCE 0.09%1  2.93 :
DEPRECIATION (INCLUDING SPARES) 07619 24.80 TB-HR  1.6289  2.3840  3.1390  3.8941  4.8492  5,4063  6,1593

$/TRP 2637, 3734, 4A31. 5927. To24&. a12l. 9217
TOTAL DOC $/N. MILE 3.0724 100.00 : : '
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LOCKHEED

CALIFORNIA COMBANY

AIRCRAFT MDDEL -=-1322-2-1-200

1.0.C« DATE -—19T4

OESIGN SPEED -=SUBSOMIC
1 W/S 12%,.0 135,00
2 T/N [ X ) 032
3 AR TehD T 60
& T/C Yed 9+50
5 RADIUS N. MI 3000 3000

b GROSS WEIGHT 2A5TYz 282606
T FUEL WEIGHT RRAQQ3 &TT69
8 DP. WY, EMPTY 155809 154836
% ZERD FUEL WVT. 1%660% 194836
10 THRUSTFENGINE 31428 30144
11 ENGINE SCALE 1.024 0,982

12 WING AREA 2ile. 2093,
13 WING SPAN 126.8 126.1
14 H. TAIL AREA 417, L2-1
15 V. TAIL AREA 408 . 401 .
16 BODY LENGTH 161.72 161.2

17 WING FUEL LIMIT C.632 0.628

COST DATA==MTLLION DOLLARS/ATRCRAFT

189 FLYAWAY COST 18,329 1B.051
19 AIRFRAME CDST 14.614 l4.bbks
20 ENGINE COST 3.115 3.005
21 AVIONICS COST 0.600 0.600
COST DATA——DIRECT OPERATING COSTY
22 $ PER MILE 3.190 3,152
23 CENTS/& S MILE J.595 1.57s

FLIGHT PATH MISSION CHARACTERISTICS

24 MISSION SYMI1) 346000 36000
CONSTRAINT DUTPUT
25% TAKEOFF DST{1) 7011 T298

26 CLIMB GRAD!1)0.1435 0.1356 0.1317 0.0 0.0 0.0

27 TAKEOFF D5TI(2} 7140 T404

28 CLIMB GRADIZ)IO.04T5 0.0426 0.0402 0.0 G.0 0.0 0.0

29 AP SPEED-KT(1) 132.6 132.6
30 CTOL LNDG DI1) 5574 5574
31 AP SPEED-KTIZ) 140.3 140.4
32 CTOL LNDG DI(2} 6015 6017
33 AP SPEED~KT(3) 147.5 147.7
3 CTOL LNDG BI3) 6453 6459

4885 ET PARAMETRIC ANALYSITS
SUMMARY 1L NO. 101
MARCH 16 197+
ENGINE T.D, =~ 700040 WING QUARTFR CHORD SWEEP = 36.50 DEG
SLS SCALE 1.0 = 30700 WING TAPER RATID = 0.400
NUMEER UF ENGINES = 3,

135,00 0.0 0.0 00 DD 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.3 0.0 4.0 U 0.0 0.0 €. 0.0 0.0 0-0¢  C.0 0.0 0.0 0.0
7.60 0,0 0.0 0.0 0,0 0.0 .0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
9.40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3000 0 o 0 0 0 0 o n 0 0 0 0 0

zg11le o o o o o o ] 0 ] 0 o 0
A7237 0 0 o 0 0 0 o o 0 o v a

153882 ) 0 o 0 0 o o o 0 0 0 0

13882 < 0 u 0 8] o o [+ 0 O 1] a
29517 0 0 o 0 o 0 0 o 0 0 0 0
0.961 0,0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 G 0.0 0.0
2on2. 0. 0. 0. G. 0. o. 0. 0. 0. 0. 0. 0. 0.
125.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4b5., 0. 0. 0. 0. 0. 0. 0. 0. 0. o. 0. 0. 0,

3y, o. U, 0. . 0. 0. 0. 0. 0. o. O. 0. a. 0.
161,z 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0 0.0 0.0 0.0 0.0 0.0
0.627 0.0 0.0 0.0 v.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

17.9156 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0,0 0.0

14,366 0.0 D.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
2.952 0.0 0. 0.0 8.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.600 0.0 .0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
3.13 0.0 0.0 o 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
1.567 0.0 0.0 0.0 0.0 a.0 0.0 0.0 0.0 0.0 0.8 0.0 0.0 0.0
35000 0 o o 0 o o o 0 o o 0 0 0
T bk 0 0 0 (A 0 o o o 0 o 0 o o

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.0
7545 0 0 o 0 g 0 o 0 0 o 0 [
0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

132.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
5572 0 o o o o o 0 o 0 o o 0 [
140.4 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 G0 0.0 . 0.0 0.0 0.0
6017 0 0 o o 0 o ] o o o o o o
147.8 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.6 0.0 0.0 0.0
6462 0 0 0 0 o o o 0 o o o 0 0

ATT PRELIMINARY DESIGN
LONG INLET—LONG DUCT—COMPOSITE



§T1-a

LOCKHEED

GALIFORMIA COMEAWY

W1ING

TAIL

BUDY

LANDING GEAR

FLIGHT CONTROLS

NACELLES
PROPULSTON

ENGINE

AIR INDUCTION

FUEL SYSTEM

START SYSTEM

ENGINE: CONTROLS

EXH/THRUST REV,

LUBE SYSTEM

TOTAL PROPULSION

INSTRUMENTS
HYDRAULICS
ELECTRECAL
ELECTRONIC RACKS
FURNISHING

AIR CONDITIONING
ANTI 1CING
AP

$YS. INTEGRATION

21529,48
212473.25
237142 .38

4745,6]
eZ2Teu9%
L T
232,93

TOTAL EMPTY MFG. COST

SUSTAINING ENGIMEERI

TECHNICAL DATA

PRUD. TOOLING MAINT.

MISC.
ENG.

AIRFRAME FEE
AIRFRAME COST
ENGINE WARRANTY
ENGINE FEE

ENG INE COST
AVIONICS COST

CHANGE ORDER
QUALITY ASSURANCE
AIRFRAME WARRANTY

590681 .06
0a0
T136)16,.38
205557.00
0.0
THE24H .94

RESEARCH AND ODEVELOPMENT

TOTAL FLY AWAY COST

U MMAPY

19371956 .00
433609.81

2172940.00

295663 .50
2619694
431R70,.00

LA6920.38

100054.00
1495R6.06
501262.63
141164.06%
511395%.19
391171.38

22573.88
119540.31
201829,.94

521291.13
1642065.00

125514.50
316295 .04

DIRECT OPERATING COST-DOLLARS/N. RILE

CREW

AIRFRAME LABOR AND BURDEN MAINT -

ENGINE LABOR AND BURDEN MAINT.
AJRFRAME MATERIAL 'MAINT.

ENGINE MATERIAL MAINT.

FUEL AND OIL
INSURANCE

DEPRECIATION {INCLUDING SPARES}

TOTAL DOC $/N. MILE

G.6227
0.2354
0.1610
0.1032
0.1709
G.971L3
0.0920
O0.TTT4

3.1338

B159722.00

¢

12589181.00

2952101 .00
600000 .00
1775025.00

0/0
19.87
Ta51
5.14
3,29
5a.45
30.99
2.93
24,81

100.00

RANGE
N. MI
ooc
C/7ASM

TB=HR
$/TRP

ATT PRELIMINARY DESIGN
LONG INLET—LONG DUCT-COMPOSITE

17916304.00

658 .
2.0408

1.625%0
2684,

1048,
1.8147

2.3807
3804.

R AND D

DEVELOPMENT TECHMICAL DATA

DESIGN EMGINEERING

DEVELOPMENT TOOLING

DEVELDPMENT TEST ARTICLE

FLIGHT TFEST

SPECIAL SUPPORT EQUIPMENT

DEVELOPMENT SPARES

ENGINE DEVLEOPMENT

AVIONICS DEVLEOPMENT
TOTAL R AND D

1438. 1829. 2219,
1.7113 1.6521 1.5137
3.1365 3.8922  4.6479

Y923, 6043, Ti62.

< 16115707,

358126848,
217759296,
43231 4e0.
36195152,
4297521,
34285296,
- 0.
0.
710009856,

2610. 3000.

1.5868  1.5669

5.4036
8282.

641594
9401 .
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